A study of the embrittlement of NEXTEL [TM] ceramic oxide fiber by Johnson, Kimberly M.
Lehigh University
Lehigh Preserve
Theses and Dissertations
2003
A study of the embrittlement of NEXTEL [TM]
ceramic oxide fiber
Kimberly M. Johnson
Lehigh University
Follow this and additional works at: http://preserve.lehigh.edu/etd
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Johnson, Kimberly M., "A study of the embrittlement of NEXTEL [TM] ceramic oxide fiber" (2003). Theses and Dissertations. Paper
783.
Johnson, Kimberly
M.
A Study of the
Embrittlement of
NEXTEL Ceramic
Oxide Fiber
. .
May 2003
A Study of the Embrittlement of NEXTELTM Ceramic Oxide Fiber
by
Kimberly M. Johnson
A Thesis
Presented to the Graduate and Research Committee
of Lehigh University
in Candidacy for the Degree of
Master of Science
In
Chemistry
Lehigh University
04/25/2003

Acknowledgements
.I am grateful to a number of people who have helped me in one form or another in
completing this thesis. I would like to express my sincere gratitude to my advisor, Dr.
James E. Roberts, for his patience and flexibility. I would also like'~ank Dr.
Raymond A. Pearson for reading and commenting on this thesis.
This research would not have been possible without the continuous support of my
manager, Suzanne M. Nelson. Her ~ encouragement and motivation are greatly
appreciated. I would like to give special thanks to Dr. C. Goodbrake and M. Brostrom
for their knowledge and willingness to mentor a novice on the techniques used in this
work. Special thanks are extended to 1. Brustman, and R. Williams for their time and
support.
Finally, I would like to thank Vickie Robinson and my children, Makenzie and
Jordan Johnson. They provided the personal support necessary for a working mother to
complete such an undertaking, and will undoubtedly continue to do so in the future. My
late mother, who gave me the inspiration to continue my education, and my father who
gave me the encouragement to achieve my full potential were also instrumental in the
completion of this work.
111
Table of Contents
LIST OF TABLES v
LIST OF FIGURES vi
Abstract 1
Chapter One. INTRODUCTION AND STATEMENT OF OBJECTNE 3
Introduction 3
Goals and Overview ofResearch 4
Experimental Overview 6 J
Chapter Two. NEXTELTM CERAMIC OXIDE FIBER CHEMISTRY 8
Introduction 8
Industrial Grade NEXTELTM Ceramic Oxide Fiber 11
NEXTEL™ 312 Ceramic Oxide Fiber 11
NEXTELTM 550 Ceramic Oxide Fiber 15
Composite Grade NEXTELTM Ceramic Oxide Fiber 17
NEXTELTM 610 Ceramic Oxide Fiber 17
NEXTELTM 720 Ceramic Oxide Fiber 20
Other General Characteristics 22
Chapter Three. LITERATURE REVIEW 23
Ceramic Matrix Composites 23
Reaction with Sodium 24
Reaction with Calcium 28
Reaction with Silica 30
Metal Matrix Composites 35
Reaction with Magnesium 35
Reaction with Iron 39
Chapter Four. EXPERIMENTAL PHASE I 41
Introduction 41
Experimental Procedure 42
Materials 42
Processing Equipment 44
Experimental Design 44
Sample Processing 50
Testing 51
lV
Tensile Strength 51
50mil Bend 53
Inductively Coupled Plasma 59
X-Ray Diffraction 61
Results and Discussion 62
NEXTELTM 312 Ceramic Oxide Fiber 62
NEXTELTM 550 Ceramic Oxide Fiber 70
NEXTELTM 610 Ceramic Oxide Fiber and NEXTELTM 720 Ceramic
Oxide Fiber 75
Phase I Summary 83
Chapter Five. EXPERIMENTAL PHASE II 85
Introduction 85
Experimental Procedure 86
Materials 86
Processing Equipment 88
Experimental Design 89
Sample Preparation 93
Testing 93
Tensile Strength 93
Inductively Coupled Plasma 96
X-Ray Diffraction 96
Scanning Electron Microscopy 96
Results and Discussion 98
NEXTELTM 312 Ceramic Oxide Fiber Interaction with Sodium.98
NEXTELTM 312 Ceramic Oxide Fiber Interaction with Magnesium 106
NEXTELTM 312 Ceramic Oxide Fiber Interaction with Iron 114
NEXTELTM 610 Ceramic Oxide Fiber Interaction with Sodium 121
NEXTELTM 610 Ceramic Oxide Fiber Interaction with Magnesium 128
NEXTELTM 610 Ceramic Oxide Fiber Interaction with Iron 135
Phase II Summary 142
Chapter Six. SUMMARY OF RESULTS AND FUTURE WORK 144
Summary of Results 144
Future Work 147
References 148
Vita 151
v
List of Tables
1.1 Molten metal resistance results for NEXTELTM 312 Ceramic Oxide Fiber 5
2.1 Industrial Grade 3M Brand NEXTELTM Ceramic Oxide Fiber typical properties 9
2.2 Composite Grade 3M Brand NEXTELTM Ceramic Oxide Fiber typical properties
10
2.3 Percent strength retention after exposure to several common acids and bases 14
2.4 Percent strength retention after exposure to common acids and bases then rinsing
in water 14
4.1 NEXTELTM Ceramic Oxide Fiber roving typical properties 43
4.2 Variables of interest 45
4.3 Categorical variables of interest 45
4.4 NEXTELTM 312 Ceramic Oxide Fiber sample set for Phase I 46
4.5 NEXTELTM 550 Ceramic Oxide Fiber sample set for Phase I 47
4.6 NEXTELTM 610 Ceramic Oxide Fiber sample set for Phase I 48
4.7 NEXTELTM 720 Ceramic Oxide Fiber sample set for Phase I 49
4.8 NEXTELTM 312 Ceramic Oxide Fiber average tensile and 50mil bend data 54
4.9 NEXTELTM 550 Ceramic Oxide Fiber average tensile and 50mil bend data 55
4.10 NEXTELTM 610 Ceramic Oxide Fiber average tensile data 56
4.11 ,NEXTELTM 720 Ceramic Oxide Fiber average tensile data 57
4.12 Average % contaminant on fibers in terms ofmetal oxides 60
4.13 NEXTELTM 312 Ceramic Oxide Fiber ANOVA results for % tensile loss versus
contaminant 68
4.14 NEXTELTM 312 Ceramic Oxide Fiber ANOVA results for % 50mil bend loss
versus contaminant 69 "
VI
4.15 NEXTELTM 550 Ceramic Oxide Fiber ANOVA results for % tensile loss versus
contaminant 73
4.16 NEXTELTM 550 Ceramic Oxide Fiber ANOVA results for % 50mil bend loss
versus contaminant 74
4.17 NEXTELTM 610 Ceramic Oxide Fiber ANOVA results for % tensile loss versus
contaminant 80
4.18 NEXTELTM 720 Ceramic Oxide Fiber ANOVA results for % tensile loss versus
contaminant 80
Average % contaminants on fibers in terms ofmetal oxides 97
NEXTELTM 312 Ceramic Oxide Fiber ANOVA results for sodium interaction 100
Phase II average tensile strength 95
NEXTELTM 610 Ceramic Oxide Fiber yam sample set for Phase II 92
Categorical variables of interest 90
,
NEXTELTM 312 Ceramic Oxide Fiber yam sample set for Phase II 91
Variables of interest 90
NEXTELTM Ceramic Oxide Fiber yam typical properties 87
NEXTELTM 312 Ceramic Oxide Fiber ANOVA results for magnesium interaction
107
5.1
5.2
5.3
5.4
5.5
------- 5.6
5.7
5.8
5.9
5.10 NEXTELTM 312 Ceramic Oxide Fiber ANOVA results for iron interaction 115
5.11 NEXTELTM 610 Ceramic Oxide Fiber ANOVA results for sodium interaction 122
5.12 NEXTELTM 610 Ceramic Oxide Fiber ANOVA results for magnesium interaction
129
5.13 NEXTELTM 610 Ceramic Oxide Fiber ANOVA results for iron interaction 136
Vll
List of Figures
2.1 Magnified view of NEXTELTM 312 Ceramic Oxide Fiber fibers12
2.2 Industrial grade NEXTELTM Ceramic Oxide Fiber roving thermal aging test (100
hour exposure) 16
2.3 NEXTELTM 550 Ceramic Oxide Fiber crystalline structure 16
2.4 Magnified view ofNEXTELTM 610 Ceramic Oxide Fiber fibers 19
2.5 Percent strength at temperature for single filaments ofNEXTELTM 610 Ceramic
Oxide Fiber and NEXTELTM 720 Ceramic Oxide Fiber 21
3.1 NEXTELTM 312 Ceramic Oxide Fiber / SiC matrix changes due to high
temperature exposure to alkali 27
3.2 Micrographs ofNEXTELTM 720 Ceramic Oxide Fiber after exposure to 1400°C
for 2 hours in air 29
3.3 Alumina-silica phase diagram 31
3.4 Alumina migration in NEXTELTM 720 Ceramic Oxide Fiber with a silica-rich
ceramic matrix 33
3.5 NEXTELTM 720 Ceramic Oxide Fiber fired without matrix 34
3.6 TEM of fiber / aluminum interface in magnesium-containing alloy 36 .
3.7 TEM showing a thin layer ofMgO and a particle of spinel (S) at the
Kaowool™/alumina interface 38
4.1 Sintech™ tensile testing 5
4.2 Apparatus for 50mil bend testing 58
4.3 XRD graphs for NEXTELTM 312 Ceramic Oxide Fiber samples exposed to iron
64
4.4 XRD graphs for NEXTELTM 312 Ceramic Oxide Fiber samples exposed to
magnesium 67
4.5 NEXTELTM 312 Ceramic Oxide Fiber boxplots of % tensile loss by contaminant
68
V111
4.6 NEXTELTM 312 Ceramic Oxide Fiber boxplots of% 50mil b~nd loss by
contaminant 69
4.7 XRD graphs for NEXTELTM 550 Ceramic Oxide Fiber samples exposed to
magnesium 71
4.8 NEXTELTM 550 Ceramic Oxide Fiber boxplots of% tensile loss by contaminant
73
4.9 NEXTELTM 550 Ceramic Oxide Fiber boxplots of% 50mil bend loss by
contaminant 74
4.10 XRD graphs for NEXTELTM 610 Ceramic Oxide Fiber samples exposed to iron
77
4.11 XRD graphs for NEXTELTM 610 Ceramic Oxide Fiber samples exposed to
magnesium 78
4.12 NEXTELTM 610 Ceramic Oxide Fiber boxplots of% tensile loss by contaminant
80
4.13 NEXTELTM 720 Ceramic Oxide Fiber boxplots of % tensile loss by contaminant
81
4.14 XRD graphs for NEXTELTM 720 Ceramic Oxide Fiber samples exposed to
magnesium 82
5.1 Integral plot for NEXTELTM 720 Ceramic Oxide Fiber tensile after exposure to
low Na 101
5.2 Integral plot for NEXTELTM 312 Ceramic Oxide Fiber tensile after exposure to
high Na 101
5.3 XRD graphs for NEXTELTM 312 Ceramic Oxide Fiber samples exposed to high
levels of sodium 102
5.4 NEXTELTM 312 Ceramic Oxide Fiber exposed to high levels ofNa at 700 0 e for
48 hours 103
5.5 NEXTELTM 312 Ceramic Oxide Fiber exposed to high levels ofNa at 950°Cfor
48 hours 104
5.6 NEXTELTM 312 Ceramic Oxide Fiber exposed to high levels ofNa at 1200°C for
48 hours 105
IX
5.7 Integral plot for NEXTELTM 312 Ceramic Oxide Fiber tensile after exposure to
low Mg 108
5.8 Integral plot for NEXTELTM 312 Ceramic Oxide Fiber tensile after exposure to
high Mg 108
5.9 XRD graphs for NEXTELTM 312 Ceramic Oxide Fiber samples exposed to high
levels ofmagnesium 110
5.10 NEXTELTM 312 Ceramic Oxide Fiber exposed to high levels ofMg at 700°C for
48 hours 111
5.11 NEXTELTM 312 Ceramic Oxide Fiber exposed to high levels ofMg at 950°C for
48 hours 112
5.12 NEXTELTM 312 Ceramic Oxide Fiber exposed to high levels ofMg at 1200°C for
48 hours 113
5.13 Integral plot for NEXTELTM 312 Ceramic Oxide Fiber tensile after exposure to
low Fe 116
5.14 Integral plot for NEXTELTM 312 Ceramic Oxide Fiber tensile after exposure to
high Fe 116
5.15 NEXTELTM 312 Ceramic Oxide Fiber exposed to high levels of Fe at 700°C for
48 hours 118
5.16 NEXTELTM 312 Ceramic Oxide Fiber exposed to high levels of Fe at 950°C for
48 hours 119
5.17 NEXTELTM 312 Ceramic Oxide Fiber exposed to low levels of Fe at 1200°C 120
5.18 Integral plot for NEXTELTM 610 Ceramic Oxide Fiber tensile after exposure to
low 123
5.19 Integral plot for NEXTELTM 610 Ceramic Oxide Fiber tensile after exposure to
high Na 123
5.20 NEXTELTM 610 Ceramic Oxide Fiber exposed to high levels ofNa at 700°C for
48 hours 125
5.21 NEXTELTM 610 Ceramic Oxide Fiber exposed to high levels ofNa at 950°C for
48 hours 126
x
5.22 NEXTELTM 610 Ceramic Oxide Fiber exposed to low levels ofNa at 1200°C for
48 hours 127
5.23 Integral plot for NEXTELTM 610 Ceramic Oxide Fiber tensile after exposure to
10wMg 130
5.24 Integral plot for NEXTELTM 610 Ceramic Oxide Fiber tensile after exposure to
highMg 130
5.25 NEXTELTM 610 Ceramic Oxide Fiber exposed to high levels ofMg at 700°C for
48 hours 132
5.26 NEXTELTM 610 Ceramic Oxide Fiber exposed to high levels ofMg at 950°C for
48 hours 133
5.27 NEXTELTM 610 Ceramic Oxid~ Fiber exposed to low levels ofMg at 1200°C for
48 hours134
5.28 Integral plot for NEXTELTM 610 Ceramic Oxide Fiber tensile after exposure to
low Fe 137
5.29 Integral plot for NEXTELTM 610 Ceramic Oxide Fiber tensile after exposure to
high Fe 137
5.30 NEXTELTM 610 Ceramic Oxide Fiber exposed to high levels of Fe at 700°C for
48 hours 139
5.31 NEXTELTM 610 Ceramic Oxide Fiber exposed to high levels of Fe at 950°C for
48 hours 140
5.32 NEXTELTM 610 Ceramic Oxide Fiber exposed to Fe at 1200°C for 48 hours 141
Xl
Abstract
The effects of sodium, magnesium, and iron on the tensile strength of selected
NEXTELTM Ceramic Oxide Fibers are reported at prescribed conditions. These
conditions were heating in air to 700°C, 950°C, or l200T, for 1 hour, 24 hours, or 48
hours.
Very high levels of the metals on NEXTELTM 312 Ceramic Oxide Fiber (y-
610 Ceramic Oxide Fiber (a-Ah03) and NEXTELTM 720 Ceramic Oxide Fiber (a -
Ah03:SiOz) were examined in Phase I. All input fibers were in straight roving form. In
Phase I, chloride salts of the metals were used. The input fibers were soaked in 1M salt
solutions, dried quickly and then fired individually at the prescribed times and
temperatures. Tensile testing of all samples was then conducted. Bend testing of the
NEXTELTM 312 Ceramic Oxide Fiber and NEXTELTM 550 Ceramic Oxide Fiber
samples was also conducted. Selected samples were analyzed by x-ray diffraction for
crystalline changes.
Under Phase I conditions, only iron had any effect at 700°C. Specifically,
NEXTELTM 312 Ceramic Oxide Fiber lost an average 77% and NEXTELTM 550 Ceramic
Oxide Fiber lost an average 20% tensile strength. These same fiber chemistries lost all
useful strength at 1200°C. The composite fibers lost 41 - 84% strength at the same
temperature. Samples processed at 950°C varied from no loss in strength to 91 % strength
loss.
NEXTELTM 312 Ceramic Oxide Fiber and NEXTELTM 610 Ceramic Oxide Fiber
')0-
were studied during Phase II. Yarns were used in this phase. Two levels of the nitrate
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salts of the studied metals were coated continuously on the fiber samples and variabit'ity
of results was greatly reduced. Samples were then fired at the prescribed times and
temperatures. Tensile testing of all Phase II samples was conducted. Selected samples
were also evaluated using x-ray diffraction and scanning electron microscopy.
In Phase II, none of the metals affected NEXTELTM 312 Ceramic Oxide Fiber at
700°C. At 950°C sodium had no effect, iron facilitated a small 10% strength loss, and
magnesium had the biggest effect at 31% and 94% strength loss for low and high levels
of magnesium, respectively. At l200°C all sodium and magnesium samples lost 100% of
their tensile strength. Low levels of iron caused a 25% strength loss and high levels of
iron caused an average 66% loss of tensile strength.
In Phase II, only iron had any affect on NEXTELTM 610 Ceramic Oxide Fiber.
Low-level samples lost an average of 20% strength at l200°C. High-level samples lost
an average of 36% strength at both 950°C and l200°C. Future work should examine the
effects of other metals or different conditions than those studied here.
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Chapter One
Introduction and Statement of Objective
Introduction
Textile articles manufactured from NEXTELTM Ceramic Oxide Fibers are
commercially available from 3M Company, 8t. Paul, Minnesota. A unique combination
of properties allows engineered textile products to be produced on conventional fiber
handling equipment. The fibers themselves differ in properties from other commercially
available inorganic fibers such as fiberglass and fused or leached silica. Test results
demonstrate that NEXTELTM Ceramic Oxide Fibers offer superior high temperature
properties.
NEXTELTM Ceramic Oxide Fibers are continuous, polycrystalline metal oxide
fibers suitable for producing textiles without the aid of other fiber or metal inserts. These
unique fibers are used in a variety of applications including furnace linings and many
other high-temperature operating environments. Typical end-user products include
fabric, paper, tape, and yam. NEXTELTM Ceramic Oxide Fibers offer good chemical
resistance, low thermal conductivity, good thermal shock resistance, low porosity and
unique electrical properties. NEXTELTM Ceramic Oxide Fibers also exhibit low
elongation and shrinkage at high operating temperatures, allowing for dimensionally
stable composites to be produced [I].
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In recent years, 3M has expanded its research efforts to the development of
ceramic, polymer, and metal matrix composites. ' The ceramic matrix composites have
replaced metal components in some high temperature applications [2]. With regard to
metal matrix composites, the fibers are used to reinforce lightweight aluminum alloys to
produce parts as stiff and as strong as steel. In many applications, the most significant
characteristics of the fiber are modulus and strength. The modulus is a measure of the
fiber's stiffness calculated by dividing stress by strain. For many applications, the fiber
must maintain these properties in high temperature operating environments [3].
Goals and Overview of Research
The applications for NEXTELTM Ceramic Oxide Fiber products include electrical,
~erospace, industrial and automotive parts and processes. High temperatures coupled
with harsh environmental contaminants have been shown to have a real, but unquantified
effect on the fiber properties and performance [1].
One example, the effects of several metals on NEXTELTM 312 Ceramic Oxide
Fiber have been determined at high temperatures. Various metal powders were put on
fabric woven from these fibers and heated to 1100·C for 0.5 hours. The results are shown
in Table 1.1 [4].
This study was done in air, above the melting temperature of the metals and does
not represent all conditions at which the metals might contact or react with the fiber. For
example, NEXTEL™ ?12 Ceramic Oxide Fiber is successfully used in a copper brazing
process and in other applications in reducing atmospheres where the product is not
affected by the presence of copper or tin [4].
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No Effect
Aluminum
Boron
Chromium
Cobalt
Gold
Nickel
Platinum
Silicon
Soft Solder
Zinc
Severe Attack
Copper
Tin
Table 1.1 - Molten metal resistance results forNEXTELTM 312 Ceramic Oxide Fiber
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For applications in which NEXTELTM 312 Ceramic Oxide Fiber has failed due to
cmbrittlemcnt, analyses have shown high concentrations of sodium, potassium, lithium,
calcium and/or iron. The sources of these metals are often identifiable. In addition, the
fibers have been known to experience a loss of boria and/or silica when exposed to
vacuum, moisture-rich, or reducing atmospheres, especially at high temperatures [5].
The general objective of this current research is to quantify the effects of three
common contaminants - sodium, magnesium, and iron - on NEXTELTM Ceramic Oxide
Fiber strength (e.g., fiber embrittlement) under specific, controlled conditions. The
information collected will be used to develop a better understanding of the interactions
between the selected materials under various processing conditions. It is not intended to
characterize all possible use conditions or to determine a general result of the studied
metals on NEXTELTM Ceramic Oxide Fiber fibers. To accomplish these goals, a series
ofbalanced experiments were performed.
Experimental Overview
This study is divided into two phases. The effects of the selected contaminants
on four different fiber chemistries were evaluated in Phase 1. The two largest volume
products - NEXTELTM 312 Ceramic Oxide Fiber and NEXTELTM 610 Ceramic Oxide
Fiber - were examined in Phase II. The goal is to quantify embrittlement of the fibers
after being subjected to specific conditions.
Phase I of this project is described more thoroughly in chapter four. Very high
concentrations of the metals were evaluated for four different fiber chemistries -
NEXTELTM 312 Ceramic Oxide Fiber, NEXTELTM 550 Ceramic Oxide Fiber,
NEXTELTM 610 Ceramic Oxide Fiber, and NEXTELTM 720 Ceramic Oxide Fiber. Phase
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II is discussed in chapter five. NEXTELTM 312 Ceramic Oxide Fiber and NEXTELTM
610 Ceramic Oxide Fiber were evaluated with much lower levels of the contaminants.
Both phases of the work followed a similar designed experiment approach.
Samples were prepared for each phase using three furnace temperatures, three firing
durations, four contaminants, as well as blanks for time, contaminant, and temperature for
each studied fiber type.
Samples in Phase I were evaluated for tensile strength and bend radius. Some of
these samples were also be evaluated for changes in crystalline structure by X-Ray
Diffraction (XRD). Samples in Phase II were evaluated for tensile strength, changes in
crystalline structure by XRD, and for surface characteristics by Scanning Electron
Microscopy (SEM). Actual levels of contaminants were determined for both phases using
Inductively Coupled Plasma (ICP).
This thesis is organized in the following manner. The first part provides a
background of NEXTELTM Ceramic Oxide Fibers to introduce the reader to these
materials. A literature survey is presented to familiarize the reader with interactions of
ceramic oxide fibers with a variety of metals in composite matrix materials. In the
second part, the experimental apparatus, operating procedures, and experimental results
are described and discussed.
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Chapter Two
NEXTELTM Ceramic Oxide Fiber Chemistry
Introduction
NEXTELTM Ceramic Oxide Fibers are used in many textile and composite
applications that require high strength, temperature resistance, or both. The fibers are
typically transparent and nonporous. Because the fibers are continuous and flexible, they
can be processed into many different textile shapes and forms using conventional
weaving and braiding processes and equipment. The fibers are supplied in many forms
including rovings, engineered yams, braided sleevings, and fabrics. This inherent ease of
processing coupled with abrasion resistance, heat tolerance, and tensile strength, enables
these products to be easily used in a variety of very high temperature applications [1].
These fibers can be organized into two categories, industrial and composite. The
industrial grade fibers, NEXTELTM 312 Ceramic Oxide Fiber, NEXTELTM 440 Ceramic
Oxide Fiber, and NEXTELTM 550 Ceramic Oxide Fiber, are used as heat shields,
curtains, linings, insulation, blankets and seals in the aerospace, electrical, and industrial
markets. These fibers are used in many ceramic matrix composite applications as well.
The composite grade fibers, NEXTELTM 610 Ceramic Oxide Fiber and NEXTELTM 720
Ceramic Oxide Fiber, are primarily used in ceramic, polymer, and metal matrix
composites. Typical properties of these fibers are listed in Tables 2.1 and 2.2 [1]. An
overview of the properties of the NEXTELTM Ceramic Oxide Fibers evaluated in Chapter
2 of this work.
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Property Units NEXTELTM NEXTELTM NEXTELTM
312 Ceramic 440 Ceramic 550 Ceramic
Oxide Fiber Oxide Fiber Oxide Fiber
Sizing Color color white coral blue
Chemical Composition ~ wt.% 62.5 Ah03 70 Ah03 73 Ah03
24.5 SiOz 28 SiOz 27 SiOz
13 BZ0 3 2 BZ0 3
Melting Point of 3272 3272 3272
COC) (1800) (1800) (1800)
Filament Diameter l!m 10 -12 10 - 12 10 -12
Denier 1Nominal Filament g/9000 m 600/400 700/400 1000/400
Count 900/400 1000/400 2000/750
1800/750 2000/750
g/lOOO m 67/400 78 1400 111/400
Tex 1Nominal Filament Count 100/400 111/ 400 222/750
200/750 222/750
Crystal Size nm <500 <500 <500
Crystal Phase Mullite + y-Ah0 3+ y-Ah0 3+
amorphous Mullite + amorphous
(or 100% amorphous SiOz
amorphous) Si02
Density glee 2.70 3.05 3.03
Refractive Index 1.568 1.614 1.602
Surface Area mZlg <0.2 <0.2 <0.2
Filament Tensile Strength MPa 1700 2000 2000
(25.4 mm gauge) ksi 250 290 300
Filament Tensile Modulus GPa 150 190 193
mSI 22 27 28
Thermal Expansion (100- ppm/DC 3 5.3 5.3
1100°C) (25-500°C)
Dielectric Constant (@ 9.375 5.2 5.7 -5.8
GHz)
Loss Tangent (~ 9.375 GHz) 0.018 0.015 NA
Specific Heat @500°C cal/g/OC or 0.25 0.27 NA
(932°F) BTUllb/oF
Table 2.1- Industrial grade 3M Brand NEXTELTM
Ceramic Oxide Fiber typical properties
(Typical data for engineering use only)
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Property Units NEXTELTM NEXTELTM
610 Ceramic 720 Ceramic
Oxide Fiber Oxide Fiber
Sizing Color color off-white green
Chemical Composition wt.% >99 Ah03 85 Ah03
15 Si02
Melting Point of 3632 3272
(0C) (2000) (1800) .
Filament Diameter Ilm 10 - 12 10 - 12
Denier / Nominal Filament Count g/9000 m 1500/400 1500/400
3000/750 3000/750
1000012550
...,
Tex I Nominal Filament Count g/lOOO m 167/400 167/400
333/750 333/750
111112550
Crystal Size nm <500 <500
Crystal Phase a-Ah0 3 a-Ah0 3+
Mullite
Density glee 3.9 3.40
Refractive Index 1.74 1.67
Surface Area m2/g <0.2 <0.2
Filament Tensile Strength MPa 3100 2100
(25.4 mm gauge) ksi 450 300
Filament Tensile Modulus GPa 380 260
mSl 55 36
Thermal Expansion (l00-100°e) ppm/°C 8.0 6.0
Dielectric Constant (~9.375 GHz) -9.0 -5.8
Loss Tangent (~9.375 GHz) NA NA
Table 2.2 - Composite grade 3M Brand NEXTELTM
Ceramic Oxide Fiber typical properties
(Typical data for engineering use only)
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Industrial Grade NEXTELTM Ceramic Oxide Fibers
The textiles made from industrial grade NEXTELTM Ceramic Oxide Fibers offer
strength, durability, efficiency, and safety in usable forms. The main purpose of the
industrial grade fibers is to insulate or act as a flame barrier. These fibers are also used in
a variety of composite applications, such as in ceramic matrix composites [1].
NEXTELTM 312 Ceramic Oxide Fiber
NEXTELTM 312 Ceramic Oxide Fibers, in terms of their metal oxides are 62%
aluminum oxide (Ah03), 14% boron oxide (B20 3) and 24% silicon dioxide (Si02), by
weight. Individual filaments of NEXTELTM 312 Ceramic Oxide Fiber fibers are oval in
shape, smooth, transparent and have a relatively low surface area. Micrographs showing
the shape, surface, and straightness of these fibers can be found in Figure 2.1 [6]. These
fibers retain many of these initial properties even when used at temperatures of up to
1200°C [1,7].
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A B
C D
Figure 2.1 - Magnified view ofNEXTELTM 312 Ceramic Oxide Fiber
A-1000X end view of fibers
B-1000X longitudinal view of fibers
C - 15000X end view of fibers
D - 20000X view of crystalline structure
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Strength is an important property of NEXTELTM Ceramic Oxide Fibers. As
shown in Table 2.1, the room temperature tensile strength and modulus of single filament
NEXTELTM 312 Ceramic Oxide Fiber are 1700 MPa and 150 GPa, respectively, the
lowest strength and modulus in the product line [1]. When tested at 1000°C, NEXTELTM
312 Ceramic Oxide Fiber retain greater than 50% of their room temperature strength [8].
The boria (B203) in NEXTELTM 312 Ceramic Oxide Fiber 2 contributes to fiber
properties in a unique manner. The boria allows this fiber to have both crystalline and
glassy phases that synergistically maintain the fiber properties at high temperature. The
glassy phase strengthens the fiber by slowing crystal growth, but weakens the fiber at
high temperature due to decreased viscosity. NEXTELTM 312 Ceramic Oxide Fiber loses
boria at temperatures over 1100°C [1].
NEXTELTM 312 Ceramic Oxide Fibers are resistant to most common industrial
chemicals, most organic solvents, and many acids and bases. These fibers are severely
attacked by hydrofluoric acid, phosphoric acid, and strong alkalis. Tables 2.3 and 2.4
provide specific data on fiber percent strength retention after exposure to a variety of
acids and bases [1].
As described in Chapter 1, the effect of several molten metals has also been
evaluated on this fiber chemistry. Of those studied, only copper and tin attacked the
fiber, but both metals attacked it severely. However, NEXTELTM 312 Ceramic Oxide
Fiber is successfully used in applications where it is not affected by the presence of
copper or tin. Thus the results of the molten metal study are not applicable for all
applications of the fiber. However, it is known that metals that form low melting oxides
will degrade the performance ofNextel 312 under oxidizing conditions [4].
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Tape of NEXTELTM 312
Chemical Concentration Ceramic Oxide Fiber
Heat Cleaned Heat Treated
RN03 Nitric Acid 10% 50% 95%
HCI Hydrochloric Acid 10% 85% 98%
H2SO4 Sulfuric Acid 10% 38% 65%
H3P04 Phosphoric Acid 10% <1% <1%
KOH Potassium Hydroxide 10% <1% <1%
NaOH Sodium Hydroxide 10% <1% <1%
NH40H Ammonium Hydroxide 10% 78% 77%
CaO Calcium Oxide Saturated 48% 99%
Table 2.3 - Percent strength retention after exposure to several common acids and bases
Test Method:
1. Soak individual samples for one hour in a 10% (by weight) chemical bath.
2. Dry samples at room temperature for at least 20 hours.
3. Heat samples at 1472°F (800°e) for 15 minutes.
4. Return to room temperature, load samples to failure.
5. Determine strength retention (average of five samples).
Tape ofNEXTELTM 312
Chemical Concentration Ceramic Oxide Fiber
Heat Cleaned Heat Treated
H3P04 Phosphoric Acid 10% 82% 106%
KOH Potassium Hydroxide 10% 77% 86%
NaOH Sodium Hydroxide 10% 61% 78%
Table 2.4 - Percent strength retention after exposure to common
acids and bases then rinsing in water
Test Method:
1. Soak samples for one hour in a 10% (by weight) chemical bath.
2. Dry samples at room temperature for at least 20 hours.
3. Soak samples in 150 rn1 of deionized water for 15 minutes.
4. Rinse sample in tap water.
5. Dry samples at 193°F (75°C) for 15 minutes.
6. Heat samples at 1472°F (800°e) for 15 minutes.
7. Return to room temperature, load samples to failure.
8. Determine strength retention (average of five samples).
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NEXTELTM 550 Ceramic Oxide Fiber
NEXTELTM 550 Ceramic Oxide Fibers consist entirely of ceramic oxides and
have low dielectric constants, high insulation resistance, low conductivity, low shrinkage
and excellent abrasion resistance. This fiber type is used primarily as collars for
semiconductor furnaces. These fibers are an effective electrical insulator for high-
temperature products [8].
NEXTELTM 550 Ceramic Oxide Fibers, in terms of their metal oxides are 73%
aluminum oxide (Ah03) and 27% silicon dioxide (SiOz), by weight. Because this fiber
does not contain boria, it does not have the glassy phase present in NEXTELTM 312
Ceramic Oxide Fibers and retains its strength better at high temperature. Figure 2.2
provides comparison strength data for NEXTELTM 312 Ceramic Oxide Fibers and
NEXTELTM 550 Ceramic Oxide Fibers at high temperature [1].
At room temperature, single filaments ofNEXTELTM 550 Ceramic Oxide Fibers
have measured tensile strengths of 2000 MFa and modulus of 193 GPa [1]. When tested
at HOO·C, NEXTELTM 550 Ceramic Oxide Fibers retain 88% of this strength. At
1200·C the fiber strengths are greater than 500 MPa, however at this temperature the
fibers tend to stretch or creep under load [8]. A micrograph of the crystalline structure of
this fiber chemistry is shown in Figure 2.3 [6].
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Composite Grade NEXTELTM Ceramic Oxide Fibers
The composite grade Nextel fibers used in this research are NEXTELTM 610
Ceramic Oxide Fibers and NEXTELTM 720 Ceramic Oxide Fibers, products designed
primarily for load bearing applications. These fibers are used in oxide and metal matrix
composites, and are sometimes used in polymer matrix composites [1].
These ceramic oxide fibers perform well in oxide composites used at high
operating temperatures. These materials have the potential to maintain their toughness
and strength in oxidizing environments far better than non-oxide composites. Many
oxide composite matrices used today are alumina- or mullite-based and have good
thermal and chemical compatibility with the Nextel composite fibers [2].
Another primary application for these ceramic oxide fibers is metal matrix
composites. The fibers are introduced to strengthen and stiffen the parts, so strength is a
primary requirement. Contamination from the surface of the fiber, the infiltrating metal,
or the process itself is a concern in the metal matrix composite manufacturing process.
Contaminants can also be introduced into the system from the environment through
touch, vapor deposition, or other methods. The effects of many contaminants and
severity of the response are not yet fully understood [3]. Although the fibers described
below are chemically stable and resistant, the fiber reactivities with the contaminating
metals studied are quantified with this research.
NEXTELTM 610 Ceramic Oxide Fiber
NEXTELTM 610 Ceramic Oxide Fibers are primarily used in metal matrix composites.
Many of the parts produced have tensile strength in excess of 1500 MPa [3} These fibers
are composed of99 wt.% a-aluminum oxide (Ah03) with a very refined crystal structure.
17
The alumina grain size is ~O.I11m. The fibers are smooth, round, and have a minimal
surface area [1]. Figure 2.4 shows a magnified view of typical NEXTELTM 610 Ceramic
Oxide Fiber filaments [6].
At room temperature, this fiber has higher strength than the rest of the
NEXTELTM Ceramic Oxide Fiber product family. However, since high temperatures
encourage grain growth, the fiber strength decreases more quickly than the other
composite grade fibers. Single filament tensile strength of NEXTELTM 610 Ceramic
Oxide Fiber is nominally 1900 MPa. At 373 GPa, these fibers have the highest modulus
in the NEXTELTM Ceramic Oxide Fiber product line, making them the most difficult to
process into textiles. This high modulus is due to the fiber's high a-alumina content. At
1l00°C, these fibers retain 46% of their room temperature tensile strength. As with
NEXTELTM 550 Ceramic Oxide Fibers, NEXTELTM 610 Ceramic Oxide Fibers exhibit
strengths greater than 500 MPa at 1200°C. However, due to fiber creep, NEXTELTM 610
Ceramic Oxide Fibers are not recommended for ceramic matrix composites intended for
applications at temperatures above 900°C [2].
Due to the high a-alumina content of this fiber chemistry and its lack of a glassy
phase, the fiber shows great chemical stability. This chemical stability leads to fiber
stability in harsh operating atmospheres [3].
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C D
Figure 2.4 - Magnified view ofNEXTELTM 610 Ceramic'Oxide Fiber
A - 1000X end view of fibers
B - 1000X longitudinal view of fibers
C - 15000X end view of fibers
D - 20000X view of crystalline structure
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NEXTELTM 720 Ceramic Oxide Fiber
NEXTELTM 720 Ceramic Oxide Fiber is 85% aluminum oxide (Ab03) and 15%
silicon dioxide (SiOz), by weight. The dual composition of this fiber allows higher
strength retention and lower creep at temperature than NEXTELTM 610 Ceramic Oxide
Fiber [1].
The mullite grains in NEXTELTM 720 Ceramic Oxide Fiber are approximately
0.5~m and are larger than the a-alumina in NEXTELTM 610 Ceramic Oxide Fiber,
making the former significantly weaker at room temperature. However, this larger grain
size reduces fiber creep at high temperature [2].
At room temperature, NEXTELTM 720 Ceramic Oxide Fibers have a tensile
strength of 2100 MPa and a modulus of 260 GPa. These fibers retain 85% of their
strength at 1200·C and have the lowest creep rate of the product family. NEXTELTM 720
Ceramic Oxide Fiber shows over 1000 times more creep resistance at high temperature
than the industrial grade fibers. As such, it has been suggested that NEXTELTM 720
Ceramic Oxide Fiber may be useful for ceramic matrix composites at operating
.,
temperatures approaching 1150·C [3]. Figure 2.5 compares percent strength at
temperature for single filaments of NEXTELTM 610 Ceramic Oxide Fiber and
NEXTELTM 720 Ceramic Oxide Fiber [1].
Due to its high alumina content, NEXTELTM 720 Ceramic Oxide Fiber is
expected to be comparable to NEXTELTM 610 Ceramic Oxide Fiber in terms of chemical
stability and resistance. However, when used at high pressure and temperature (e.g.,
above 1100·C), NEXTELTM 720 Ceramic Oxide Fiber fibers may show signs of
degradation [3].
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Figure 2.5 - Percent strength at temperature for single filaments of
NEXTELTM 610 Ceramic Oxide Fiber and NEXTELTM 720
Ceramic Oxide Fiber
Outline ofTest:
Sample Number: 10
Total Gage Length: 10 inches (254 mm)
Crosshead Speed: 0.3 inches/min (0.76 nnn/min)
Hot Zone Length: 1 inch (25,4 mm)
Note: Samples were held at temperature for approximately 1.5 minutes before testing
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Other General Characteristics
Although NEXTELTM Ceramic Oxide Fibers are classified as ceramic fibers, they
are manufactured in continuous lengths and have diameters (approximately 7 to 13
microns) which are not considered to be respirable by humans. Since they are not
considered to be respirable, inhalation exposure to NEXTELTM Ceramic Oxide Fiber 312,
NEXTELTM Ceramic Oxide Fiber 440, NEXTELTM Ceramic Oxide Fiber 610, or
NEXTELTM Ceramic Oxide Fiber 720 is not expected to pose a carcinogenic risk to
humans. They may, however, cause mechanical irritation of the nose and throat [1].
Local exhaust ventilation and/or use of NIOSH approved dust mist respirators is
recommended for operations where fibers or dust may become airborne. If nose or throat
irritation occurs, move to fresh air.
The NEXTELTM Ceramic Oxide Fibers used in this research have been protected
by an organic-based sizing material. This coating is applied to protect the fiber during
textile processing.
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Chapter Three
Literature Review
A common use of industrial grade NEXTELTM Ceramic Oxide Fibers and the
primary use of the composite grade fibers is in the reinforcement of metal, ceramic, and
polymer matrix composites. One of the primary requirements in the selection of
composite reinforcing materials is an acceptable fiber/matrix bond.. Regardless of the
matrix material used (Le., aluminum, oxide, polymer), the bond between the matrix and
fiber should allow load transfer between the fibers and promote crack deflection via the
matrix. At the same time, the bond should allow some fiber debonding and pullout to
ensure composite toughness [9].
The relevant literature on the behavior of several ceramic oxide fibers, primarily
aluminosilicates, in the presence of various contaminating metals present in composite
matrix materials is summarized in this chapter. The chemical stability of NEXTELTM
Ceramic Oxide Fiber and fibers with similar chemistries is also discussed.
Ceramic Matrix Composites
Ceramic Matrix Composite (CMC) materials have received increasing interest
over the last decade. This is especially true for oxide fiber reinforced oxide composites
[2]. These ceramic materials are useful for long-tenn high-temperature applications such
as filtration and thennal protection systems because they are inherently stable in
oxidizing environments [10,11].
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Unlike other commercially available oxide fibers, most NEXTELTM Ceramic
Oxide Fibers are fully crystalline [2] and exhibit non-brittle fracture behavior in CMCs.
This facilitates crack deflection and fiber pullout, resulting in composite toughness.
Composites designed to have these properties must use highly stable and non-reactive
fiber support to prevent strong fiber-matrix bonding [3]. NEXTELTM 610 Ceramic Oxide
Fiber and NEXTELTM 720 Ceramic Oxide Fiber have found multiple applications in
CMCs. Information on some NEXTELTM 312 Ceramic Oxide Fiber and NEXTELTM 550
Ceramic Oxide Fiber applications is also presented.
Reaction with Sodium
NEXTELTM 610 Ceramic Oxide Fiber is greater than 99 wt. % a-alumina. Many
of the properties expected from pure alumina are exhibited by this fiber, but due to a
small amount of porosity, the fiber has an elastic modulus and density that are slightly
lower than theoretical (400 GPa, 3.98 g/cm3, respectively) [2]. At 3.3 GPa, this fiber has
by far the highest initial strength measured for any polycrystalline oxide fiber [12].
High a-alumina fibers that are free of glassy phases are more chemically stable
and corrosion resistant than fibers containing silica [3]. High chemical stability inherently
ensures good environmental stability in corrosive atmospheres and less interaction with
many ceramic matrices. However, it has been reported that alumina fibers are attacked
aggressively by molten lithium, by molten potassium to a lesser degree, and the least by
molten sodium. Sintered alumina is resistant to attack by liquid and vaporized sodium
up to approximately 900°C [13].
Zawada and coworkers evaluated NEXTELTM 610 Ceramic Oxide Fib~r in a
CMC intended for use in aerospace turbine engine divergent flaps and seals. They
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compared the effect of salt fog exposure (i.e., 0.05 w/o salt solution) on four different
CMC materials (fiber / matrix material) - NICALONTM / Carbon, NICALONTM / SiNC,
NICALONTM / Ah03, and NEXTELTM 610 Ceramic Oxide Fiber / Aluminosilicate.
NICALONTM is an amorphous/crystallite fiber that is predominantly SiC with a chemical
composition of 59% Si, 31% C, and 10% O2, by weight.
A 25% decrease in fatigue life was experienced by the NICALONTM / Carbon
composite. A greater than 70% reduction in fatigue life was exhibited by the other
NICALONTM composites. The NEXTELTM 610 Ceramic Oxide Fiber composite with an
aluminosilicate matrix was the only studied material that showed no degradation in
fatigue life [14]. The low reactivity of this a-alumina fiber reinforced composite in the
presence of one form of sodium is illustrated by the results.
NEXTELTM 312 Ceramic Oxide Fiber is composed of 62.5 wt. % y-Ah03, 13 wt.
% B203, and 24.5 wt. % Si02[1]. Alvin researched the stability of porous ceramic filter
composite materials under a variety of conditions. These filter materials· must maintain
their performance characteristics when exposed to variable effluent gas streams
containing gas-phase sulfur, alkali, and chlorides under high temperature and pressure.
The most relevant part of Alvin's research to this current work is the performance of
NEXTELTM 312 Ceramic Oxide Fiber in a silicon carbide matrix when exposed to steam
and an alkali [15].
Alvin conducted high temperature, flow-through experiments on this material for
400 hours at 870°C. Also included as variables were 5-7% steam/air (i.e., steam) and
20ppm NaCl/5-7% steam/air (i.e., alkali) environments. After exposure, both composites
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retained an untreated appearance. However, the alkali-exposed parts exhibited areas of
missing or broken fibers on the outer surface ofthe composite [15].
Cross-sectional testing was performed on the treated materials. The steam-
exposed parts remained intact. However, the alkali-exposed parts exhibited debonding. a
reduction in the composite fracture toughness resulting from embrittled fiber was
indicated by compressive strength testing of parts exposed to both environments.
Exposure to the alkali environment caused a "melt-like" bond between the fibers and the
SiC matrix, with aluminum- and silicon-rich nodular formations on fibers in all three
layers of the composite. Fiber and matrix changes resulting from heat treatment in the
alkali environment are shown in Figure 3.1 [15].
NEXTELTM 550 Ceramic Oxide Fiber consists of 73 wt. % y-Ah03 and 27 wt. %
amorphous silica [1]. Lane and coworkers determined this fiber embrittles in the presence
of sodium. These researchers also evaluated NEXTELTM 610 Ceramic Oxide Fiber and
NEXTELTM 720 Ceramic Oxide Fiber as replacements for NEXTELTM 550 Ceramic
Oxide Fiber under the same use conditions. Phase stability after 2000 hours at 870°C was
demonstrated in both alternate fibers. Neither was affected by corrosion testing using
steam only or steam + alkali (sodium) at 870°C for 400 hours [11].
26
A B
C D
Figure 3.1 - NEXTELTM 312 Ceramic Oxide Fiber / SiC matrix
changes due to high temperature exposure to alkali
A - morphology of the NEXTELTM 312 Ceramic Oxide Fiber / SiC
composite as manufactured - closeup
B - morphology of the NEXTELTM 312 Ceramic Oxide Fiber / SiC
composite as manufactured - composite view
C - embrittled material after 400h exposure at 870°C
D - melt formation of the NEXTELTM 312 Ceramic Oxide Fiber and SiC
matrix after exposure in the alkali environment.
27
-
INTENTIONAL SECOND EXPOSURE
A B
C D
Figure 3.1 - NEXTEUM 312 Ceramic Oxide Fiber / SiC matrix
changes due to high temperature exposure to alkali
A - morphology of the NEXTEUM 312 Ceramic Oxide Fiber / SiC
composite as manufactured - closeup
B - morphology of the NEXTEUM 312 Ceramic Oxide Fiber SiC
composite as manufactured - composite view
C - embrittled material after 400h exposure at 870 c C
D - melt formation of the NEXTELTM 312 Ceramic Oxide Fiber and SiC
matrix after exposure in the alkali environment.
27
Reaction with Calcium
NEXTELTM 720 Ceramic Oxide Fibers contains 85 wt. % a-alumina and 15 wt. %
silica in the form of mullite [1]. The mullite volume fraction has been calculated at 55-
60%. This reduces the fiber density by 13% and thermal expansion by 30%, making the
fiber suitable for many high temperature, load-bearing applications [2]. Due to the silica
present, this fiber has much- better creep resistance than NEXTELTM 610 Ceramic Oxide
Fiber and is useful for load-bearing CMCs at temperatures above 1100°C [3].
NEXTELTM 720 Ceramic Oxide Fiber is very chemically stable, but because of its
silica component, the fiber is slightly more reactive than NEXTELTM 610 Ceramic Oxide
Fiber. It has been reported that when used in high-pressure steam environments above
1100°C, NEXTELTM 720 Ceramic Oxide Fiber may degrade [3]. Two studies of strength
reduction of this fiber in CMCs are presented here.
In one study, Braue and coworkers evaluated the role of intrinsic fiber impurities
on the NEXTELTM 720 Ceramic Oxide Fiber fiber microstructure. These researchers
focused primarily on the role of calcium-rich particles embedded into the surface of the
as-received fiber and the effect of other fiber impurities (i.e., Na, Mg, Ca, Fe, and Cu) on
high temperature performance [9]. Due to the manufacturing process, these impurities
may be present at less than 1% in as-received NEXTELTM 720 Ceramic Oxide Fiber.
A loss of structural integrity at T 2: 1300°C in air due to calcium-rich regions on
the fiber surface was found in the Braue study. The researchers determined the loss of
strength was due to exaggerated grain growth around the calcium deposits. The
mechanism proposed was the evolution of anorthite (CaAhSi20 s) and corundum (a-
Ah03), followed by stretching and a loss of strength as illustrated in Figure 3.2 [9].
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AB
Figure 3.2 - Micrographs ofNEXTELTM 720 Ceramic Oxide Fiber
after exposure to 1400·C for 2 hours in air
A - Necking and exaggerated grain growth
"B - Image showing smooth surface ofundamaged fiber and rough surface
due to Ca damage
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Figure 3.2 - Micrographs ofNEXTEVM 720 Ceramic Oxide Fiber
after exposure to 1400'C for 2 hours in air
A - Necking and exaggerated grain growth
B - Image showing smooth surface of undamaged fiber and rough surface
due to Ca damage
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The Braue team attributed the fiber degradation to the presence of impurities in an
amorphous silica phase through which the impurities flow. They supported this
conclusion by proposing two mechanisms for the failure. The first mechanism is
described as the local, calcium-induced fiber degradation at T ;::: 1300·C. The second
mechanism is described as the impurity-accelerated time-dependent failure (i.e., creep) of
the NEXTELTM 720 Ceramic Oxide Fiber. This second mechanism was determined to be
more important in the degradation of this aluminosilicate fiber [9].
It has been noted that the fibers studied by Braue were coated with a sizing
material that is no longer used on NEXTELTM 720 Ceramic Oxide Fiber. The latest
sizing material used is an organic solution that has been tested for several impurities,
including Ca. The sizing material contains 0.26% Na, 0.01% Mg, 0.04% AI, 0.14% Si,
0.21% S, 0.12% CI, 0.03% K, and 0.10% Ca [16]. These very low levels are a normal
part of the manufacturing process and have not been shown to be damaging to the fiber.
Reaction with Silica
In another study, Schmucker and coworkers evaluated the stability ofNEXTELTM
720 Ceramic Oxide Fibers when used with a ceramic matrix material containing high
levels of silica. The goal of their research was to investigate the high temperature (i.e.,
1600·C) induced reaction between the silica-rich matrix and the alumina-rich
NEXTELTM 720 Ceramic Oxide Fiber. At sufficient temperatures, the alumina and silica
will react. The corresponding alumina-silica phase diagram is shown in Figure 3.3 [17].
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Figure 3.3 - Alumina-silica phase diagram
31
A good composite has weak, but sufficient bonding between the reinforcing phase
and the matrix [18]. If the fiber and matrix react to a great extent, desired properties of
both will be reduced. The Schmucker research team used a matrix composed of 68 wt. %
alumina and 32 wt. % silica in the form of mullite. With regard to the present research,
the most interesting finding from Schmucker was the high-temperature induced
microstructural deformations of the fiber with regard to this high silica matrix.
They found that as temperature increased, the a-alumina and mullite in the fiber
gradually coarsened. Additionally, the a-alumina disappeared from areas around the
fiber rim that were in direct contact with the silica matrix, as shown in Figure 3.4. When
NEXTELTM 720 Ceramic Oxide Fibers were fired without matrix, no a-alumina loss was
detected, as shown in Figure 3.5 [10].
The Braue research team explained their results based on the thermal activation of
reactions between vitreous silica and a-alumina. They concluded that NEXTELTM 720
Ceramic Oxide Fiber is suitable and stable with the studied matrix at temperatures to
1500°C for short-term applications and 1300c C for long-term applications [10].
The reactivity ofNEXTELTM 720 Ceramic Oxide Fibers under certain conditions
is demonstrated in both the Braue and Schmucker research. Evidence of this fiber's
reactivity with impurity metals and a ceramic matrix is provided by their results.
However, the fiber is generally very chemically stable and unreactive under most
conditions[2] .
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Figure. 3.4 - Alumina migration in NEXTELTM 720 Ceramic Oxide
Fiber with a silica-rich ceramic matrix
A - Unreacted fiber
B - Crystal formation begins
C - Alumina absent from fiber rim
33
Figure 3.5 - NEXTELTM 720 Ceramic Oxide Fiber fired without matrix
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Metal Matrix Composites
Like CMCs, Metal Matrix Composite (MMC) materials have become important
m the development of lightweight, high durability materials. Aluminum alloys are
commonly used for these applications. Aluminum matrix composites can be made to
exhibit strength and stiffness properties similar to steel, while weighing only a fraction of
~. their steel counterparts. The most relevant literature available for MMCs using
I
NEXTELTM Ceramic Oxide Fiber involves research on NEXTELTM 610 Ceramic Oxide
Fiber. Information on NEXTELTM 610 Ceramic Oxide Fiber and other alumina-
containing fibers is presented here.
Reaction with Magnesium
As indicated in the discussion of CMCs, alumina fibers are very chemically stable
and unreactive with a variety of metals. However, alumina reacts with magnesium to
form MgAh04' a spinel [13]. Scott and coworkers evaluated an alumina fiber
manufactured by Saffimax ICI Ltd., as the reinforcing fiber in an aluminum matrix with 7
wt. % silicon alloy with 0.4 wt. % added magnesium [18]. Saffimax™ fiber is composed
of 4% silica and 96% crystal phase ll-alumina [19].
The researchers manufactured aluminum matrix composite materials using high
temperature and pressure and studied the effect of this process on the reinforcing alumina
fiber phase. They found the magnesium in the matrix migrated toward the alumina fiber
and diffused approximately 50nm into the fiber itself. Figure 3.6 is a TEM (Transmission
Electron Microscopy) micrograph of the fiber/aluminum interface in magnesium-
containing alloy [18].
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Figure 3.6 - TEM offiber/aluminum interface in magnesium-containing alloy
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Figure 3.6 - TEM of fiber/aluminum interface in magnesium-containing alloy
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Smith and coworkers found a similar result when they evaluated KaowooFM
(47% alumina, 53% silica) and Saffil™ (96% alumina, 4% silica) fibers in aluminum
alloy 339 (12Si/1Mg/1Cu/1Ni wt. %). When processed at 210°C, the high-silica
KaowooFM fibers were sufficiently bonded to the aluminum matrix for composite
strength, but the low-silica SaffiFM fibers were only weakly bonded. The opposite was
true at 510°C [20].
To ensure the proper orientation of ceramic fibers in MMCs, a silica-based
preform is often used. This was the case with the Kaowool™ and Saffil™ fibers in
Smith's work. The research team determined that at low temperatures (i.e., 210°C) the
silica in the preform binder reacted with the magnesium in the aluminum alloy to form
magnesium oxide and silicon metal. At 2l0oe, the silica in the fiber did not react with
the magnesium. However, when the processing temperature was increased to 5l0oe,
reactions with both the silica and alumina in the fiber occurred. The 210 0 e reaction
occurs, along with the formation of spinel (MgO'Alz03) and aluminum.
The lower temperature reaction at 210 0 e is less detrimental to the strength of the
composite. In this situation, only a small amount of the magnesium in the aluminum
alloy reacts with the fiber to form spinel. At the higher temperature of SlO°C, the
reaction happens at a much greater extent, especially for the KaowooFM with 53% silica.
TQis reaction is not conducive to a strong composite because it both deteriorates the
strength of the fiber by introducing a new crystalline structure and deteriorates the
strength of the aluminum by eliminating much of the strengthening magnesium
component. The TEM in Figure 3.7 shows a thin layer of MgO and a particle of spinel
(S) at the Kaowool™/aluminum interface [20].
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Figure 3.7 - TEM showing a thin layer ofMgO and a particle of
spinel (8) at the Kaowool/aluminum interface
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Figure 3.7 - TEM showing a thin layer ofMgO and a patiicle of
spinel (S) at the Kaowoollaluminum interface
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Mordike and coworkers studied magnesmm matrix composites with alumina
fibers. The focus of their work was the fiber/matrix interface and how it affects the
strength of the resulting composite. They characterized magnesium alloys for use as
matrix materials because magnesium tends to wet most ceramic surfaces better than
aluminum. Magnesium-based composites also have better specific strength and stiffness
than aluminum-based composites [21].
These properties are advantageous, however magnesium-containing materials
have been shown in many studies to embrittle reinforcing ceramic oxide fibers. This
embrittlement causes the mechanical pr9perties of the composite to degrade si~ificantly.
Mordike and coworkers showed these obstacles can be overcome to some degree by
using lower temperature casting processes, increasing the aluminum content in the
matrix, or both [21].
Reaction with Iron
In addition to many of the metals discussed above, the effect of iron on
NEXTELTM Ceramic Oxide Fiber fibers was also studied in this work. There is very
little information available in the literature regarding iron and its effect on alumina-
containing fibers in composite materials. Therefore, the discussion here is limited to only
a few examples.
Gigliotti and coworkers studied the effect of iron-based aluminum alloy matrices
on alumina fibers in MMCs. They sputtered metal onto the fibers as a means to enable
the fibers to retain more strength after incorporation into composite materials. With these
iron-containing alloys they had observed fiber degradation from original strengths of 2.9
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+/- 0.2 GPa to mean strengths of <1 GPa and determined their method did not
significantly improve fiber strength in these composite materials [22].
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Chapter Four
Experimental Phase I
Introduction
The single most important property of NEXTELTM Ceramic Oxide Fiber is the
ability to maintain strength during and after exposure to high temperature. When the
fibers are exposed to certain atmospheres, such as a reducing atmosphere, changes
affecting strength may occur. Certain metals under a variety of conditions have been
shown to affect the fibers as well [4]. NEXTELTM Ceramic Oxide Fiber are used in many
applications and are exposed to a wide range of atmospheres, making it difficult for the
specific effects ofcontaminants on the fibers to be quantified.
The effect of very high levels of the selected contaminants on the strength of four
different fiber chemistries - NEXTELTM 312 Ceramic Oxide Fiber, NEXTELTM 550
Ceramic Oxide Fiber, NEXTELTM 610 Ceramic Oxide Fiber, and NEXTELTM 720
Ceramic Oxide Fiber is evaluated in Phase I of this research. Because there are many
potential contaminants, three common contaminants (i.e., Na, Mg, and Fe) were used in
this study. Although the concentrations studied are not normally experienced in product
use, these levels were used to magnify the response ofthe fibers. A baseline sample with
zero added contaminants was also evaluated.
Roving tensile strength and bend capacity (50mB bend) were tested. Roving is a
loose assemblage of fibers in a single strand without twists [23]. Selected samples were
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evaluated usmg X-Ray Diffraction (XRD) to determine crystal phase changes.
Inductively Coupled Plasma (ICP) was used to measure actual exposure levels of the
metal contaminants.
Experimental Procedure
Materials
Four fiber chemistries were studied in Phase I of this research. These were 1800
denier NEXTELTM 312 Ceramic Oxide Fiber (y-Ah03:SiOz:Bz03), 2000 denier NEXTELTM
550 Ceramic Oxide Fiber (y-Ah03:SiOz), 3000 denier NEXTELTM 610 Ceramic Oxide
Fiber (a-Ah03) and 3000 denier NEXTELTM 720 Ceramic Oxide Fiber (a -Ah03:SiOz)1.
Denier is a measure of the weight in grams per 9000 meters [23]. These products have
similar filament counts and were selected to minimize denier effects, allowing a more
direct comparison between fiber responses. A filament is a single fiber with extreme
length [23]. Typical properties for the rovings used are shown in Table 4.1 [1].
The chloride salts of the metal contaminants were used for this evaluation.
Chlorides were selected because they were readily available in the laboratory and easy to
dissolve into solution. One molar solutions ofNaCI, MgCh·6H20 and FeCIl were made
using deionized water. A single stock solution of each was prepared and used for this
entire phase of the study.
I NEXTELTM Ceramic Oxide Fibers:
18000312 Roving; 42-0002-5797-4; 3M Company, St. Paul, Minnesota 55144
20000550 Roving; 42-0009-6017-1; 3M Company, St. Paul, Minnesota 55144
30000610 Roving; 42-0015-0237-8; 3M Company, St. Paul, Minnesota 55144
30000720 Roving; 42-0015-0207-1; 3M Company, St. Paul, Minnesota 55144
2 Metals
NaCI- EM Science; EM-771 0
MgCI2"6H20 - EM Science; EM-5980
FeCI3 -EM Science; EM-FX0215-1
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Roving Nominal Yield±10% Breaking Load
Filament Count ydS/lb m1kg @ Room Temperature
lbs k2
NEXTELTM 312 750 2480 4990 14 6.4
Ceramic Oxide Fiber
1800 denier
NEXTELTM 550 750 2230 4490 14 6.4
Ceramic Oxide Fiber
2000 denier
NEXTELTM 610 750 1490 3000 25 11.3
Ceramic Oxide Fiber
3000 denier
NEXTELTM 720 750 1490 3000 10 4.5
Ceramic Oxide Fiber
3000 denier
Table 4.1 - Typical properties for fOvings ofNEXTELTM 720 Ceramic Oxide Fiber
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Processing Equipment
Samples in this study were conditioned at high temperatures (e.g., 700°C, 950°C,
and 1200°C). All samples were processed using one of three furnaces capable of the
required temperature. The furnace used for the 700°C condition was a Lindberg model
51840 (Watertown, WI). For the 950°C condition, a Thermolyne model 1500 (Dubuque,
IA) furnace was used. A C&M Rapid Temp furnace (Bloomfield, NJ) was used for the
1200°C condition.
Experimental Design
To ensure a quantifiable result and enable a direct comparison between samples, a
balanced experimental design was used. Variables were time and temperature, see Table
4.2, and fiber and contaminant, see Table 4.3. The temperatures evaluated were 700°C,
950°C, and l200°C. An important aspect of this temperature range is that Nextel 312
undergoes a physical change of state around 900°C, the temperature at which the y-Ah03
in the fiber crystallizes. Additionally, all of the fibers experience grain growth and
crystallization at approximately 1200°C [1]. It is assumed the corrosiveness of the
contaminants is increased with this crystalline phase transformation.
The extent of crystallization is dependent on time at temperature [1]. In this
study, samples were fired for 1, 24, or 48 hours. These durations were selected to enable
a comparison over a specified time period conducive to the completion of this work.
The sample set for NEXTELTM 312 Ceramic Oxide Fiber is in Table 4.4. The
sample set for NEXTELTM 550 Ceramic Oxide Fiber is in Table 4.5. The sample set for
NEXTELTM 610 Ceramic Oxide Fiber is in Table 4.6. The sample set for NEXTELTM
720 Ceramic Oxide Fiber is in Table 4.7.
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Variables Low Level Center Point High Level
Time, hours 1 24 48
Temperature, C 700 950 1200
Table 4.2 - Variables of interest
Variables
Fiber NEXTELTM NEXTELTM NEXTELTM NEXTELTM
312 Ceramic 550 Ceramic 610 Ceramic 720 Ceramic
Oxide Fiber Oxide Fiber Oxide Fiber Oxide Fiber
(1800 denier) (2000 denier) (3000 denier) (3000 denier)
Contaminant NaCl MgCh·6HzO FeCl3 None
(1 M solution)
Table 4.3 - Categorical variables of interest
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Fiber Contaminant Temperature Time
eC) (hours)
312 Fe 700 1
312 Fe 700 1
312 Fe 700 48
312 Fe 950 24
312 Fe 950 24
312 Fe 950 24
312 Fe 1200 1
312 Fe 1200 48
312 Fe 1200 48
312 Mg 700 1
312 Me 700 48
312 Me 700 48
312 Mg 950 24
312 Mg 950 24
312 Me 950 24
312 Mg 1200 1
312 Mg 1200 1
312 Mg 1200 48
312 Na 700 1
312 Na 700 1
312 Na 700 48
312 Na 950 24 -
312 Na 950 24
312 Na 950 24
312 Na 1200 1
312 Na 1200 48
312 Na 1200 48
312 None 700 1
312 None 700 48
312 None 700 48
312 None 950 24
312 None 950 24
312 None 950 24
312 None 1200 1
312 None 1200 1
312 None 1200 48
Table 4.4 - NEXTELTM 312 Ceramic Oxide Fiber sample set for Phase I
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Fiber Contaminant Temperature Time
eC) (hours)
550 Fe 700 1
550 Fe 700 48
550 Fe . 700 48
550 Fe 950 24
550 Fe 950 24
550 Fe 950 24
550 Fe 1200 1
550 Fe 1200 1
550 Fe 1200 48
550 Mg 700 1
550 Mq 700 1
550 Mq 700 48
550 Mg 950 24
550 Mg 950 24
550 Mq 950 24
550 Mg 1200 1
550 Mg 1200 48
550 Mq 1200 48
550 Na 700 1
550 Na 700 48
550 Na 700 48
550 Na 950 24
550 Na 950 24
550 Na 950 24
550 Na 1200 1
550 Na 1200 1
550 Na 1200 48
550 None 700 1
550 None 700 1
550 None 700 48
550 None 950 24
550 None 950 24
550 None 950 24
550 None 1200 1
550 None 1200 48
550 None 1200 48
Table 4.5 - NEXTELTM 550 Ceramic Oxide Fiber sample set for Phase I
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Fiber Contaminant Temperature Time
-ee) (hours)
610 Fe 700 . 1
610 Fe 700 1
610 Fe 700 48
610 Fe 950 24
610 Fe 950 24
610 Fe 950 24
610 Fe 1200 1
610 Fe 1200 48
610 Fe 1200 48
610 MQ 700 1
610
-
MQ 700 48
610 I Mg 700 48
610 Mg 950 24
610 Mg 950 24
610 MQ 950 24
610 Mg 1200 1
610 Mg 1200 1
610 Mg 1200 48
610 Na 700 1
610 Na 700 1
610 Na 700 48
610 Na 950 24
610 Na 950 24
610 Na 950 24
610 Na 1200 1
610 Na 1200 48
610 Na 1200 48
610 None 700 1
610 None 700 48
610 None 700 48
610 None 950 24
610 None 950 24
610 None 950 24
610 None 1200 1
610 None 1200 1
610 None 1200 48
Table 4.6 - NEXTELTM 610 Ceramic Oxide Fiber sample set for Phase I
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Fiber Contaminant Temperature Time
eCl (hours)
720 Fe 700 1
720 Fe 700 48
720 Fe 700 48
720 Fe 950 24
720 Fe 950 24
720 Fe 950 24
720 Fe 1200 1
720 Fe 1200 1
720 Fe 1200 48
720 Mg 700 1
720 MQ 700 1
720 Mg 700 48
720 Mg 950 24
720 Mg 950 24
720 MQ 950 24
720 MQ 1200 1
720 Mg 1200 48
720 Mg 1200 48
720 Na 700 1
720 Na 700 48
720 Na 700 48
720 Na 950 24
720 Na 950 24
720 Na 950 24
720 Na 1200 1
720 Na 1200 1
720 Na 1200 48
720 None 700 1
720 None 700 1
720 None 700 48
720 None 950 24
720 None 950 24
720 None 950 24
720 None 1200 1
720 None 1200 48
720 None 1200 48
Table 4.7 - NEXTELTM 720 Ceramic Oxide Fiber sample set for Phase I
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Sample Processing
Sample preparation was kept as consistent as possible to minimize any variation
due to the setup. There is less variability within the fiber cores than between cores.
Therefore, each fiber sample was taken from a single core, within a single lot of the
particular chemistry. By randomizing the order of sample collection from the cores,
within-lot fiber variation is dispersed among all the samples.
A singh~, 1M solution of each metal salt was prepared and used throughout this
entire experimental phase. This was done to minimize any differences in solution
concentration and, therefore, contaminant exposure to the various fibers.
Glazed porcelain dishes were washed with O.1N HCl, followed with a deionized
water rinse. The selected fiber sample was placed in the dish and was saturated with
approximately 25mL of the appropriate 1M salt solution. To ensure full saturation of the
metal salt, samples were soaked in the contaminant solution for 12 hours. Fiber samples
were then transferred to clean ceramic dishes and dried in an oven at 100°C for one hour.
The samples were then cooled at room temperature.
The three furnaces were preheated to their respective temperatures (i.e., 700°C,
950°C, or 1200°C). Each furnace had been calibrated against standards traceable to NIST
(National Institute of Standards and Technology), was programmable and would remain
within a few degrees of the set point. The samples were fired in random order. Only
one sample was fired in each furnace at a time.
After being fired at the prescribed temperature and time, the samples were
removed from the furnace and allowed to cool at room temperature. The samples were
then ready to be tested for contaminant effects.
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Testing
Tensile Strength
NEXTELTM 610 Ceramic Oxide Fiber is often used in metal matrix applications
because it has high strand strength when tensile tested. The most technically accurate
method for strength testing of ceramic fibers is to measure the tensile strength of single
filaments at elevated temperature after heat treatment [12]. However, the method of
preparing samples for this phase was not conducive to single filament testing. Roving
(i.e., many filaments in a bundle) tensile strength is routinely tested for the industrial
grade fibers. For the purposes of this work, roving tensile strength provides satisfactory
data. Therefore, roving specimens from each sample were evaluated using the standard
test method [24].
Tensile strength testing of the fiber bundles was performed usmg an MTS
Sintech™ (Stoughton, MA) 5000-pound universal load frame with a 50-pound load cell
and Test Works software. The tested gauge length was 4 inches, and the strain rate was
10.00Ilm/m. Other constants used were a specimen size of three, a crosshead extension
rate of 0.5 inch/minute, and the same gripping conditions with Instron pneumatic grips.
The test method used requires equipment calibration each day before use [24]. The
testing configuration used is shown in Figure 4.1.
In this study, some fibers could not be tensile tested due to excessive fiber
embrittlement. These values are reported bas zero. Achieving good alignment of the
fibers with the grips and load axis was critical to obtaining accurate load values.
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Figure 4.1 - Sintech™ tensile testing
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-INTENTIONAL SECOND EXPOSURE
Figure 4.1 - Sintech™ tensile testing
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. I
Average tensile strength values reported in Tables 4.8 through 4.11 are the
maximum tension exerted on the sample before 50% of the filaments broke. The test was
repeated three times for each sample. The three fiber specimens were taken from
throughout the entire fiber sample to account for within sample variation. When the
strand was too brittle to test or if negative numbers resulting from system noise were
obtained, the value reported is zero.
50Mil Bend
The tensile test gives results that are important to load-bearing fiber applications
in which the fibers do not need to flex a great deal. The NEXTELTM Ceramic Oxide
Fibers have a very high modulus (i.e., stiffness) and cannot be accurately evaluated using
the 50mil bend test. As such, no data have been generated for those samples. Since
many industrial grade fibers are woven or processed into textile products, they need to
have good flexibility. In this case, the 50mil bend results are important.
The 50mil bend test measures strand strength as the fiber is bent around a 50mil
diameter rod. The procedure for this test is similar to the tensile test, except the bottom
pneumatic plate is replaced with a 50mil diameter rod. The fiber specimen is loosely
looped around this rod and the ends are held in the upper grip. The plate and the rod are
slowly separated [25]. The test configuration is shown in Figure 4.2. The values
reported are the maximum amouht of tension exerted on the sample before 50% of the
filaments broke.. As in the tensile test, the 50mil bend test was run in triplicate. Zero
values and negative numbers were achieved for samples too brittle to be tested. The
averaged 50mil bend data for NEXTELTM 312 Ceramic Oxide Fiber and NEXTELTM 550
Ceramic Oxide Fiber are in Tables 4.8 and 4.9.
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Temperature Time Tensile % Tensile % 50mil
Fiber Contaminant eC) I(hours (lbf)·Ave 50milBend (lbf)·ave Loss Loss
312 Fe 700 1 2.225 1.567 -62.275 -56.448
312 Fe 700 1 1.291 2.43 -78.111 -32.462
312 Fe 700 48 0.765 0.475 -89.837 -94.218
312 Fe 950 24 2.411 0.632 -46.933 -88.227
312 Fe 950 24 0.183 0.213 -95.972 -96.032
312 Fe 950 24 0 0 -100.000 -100.000
312 Fe 1200 1 0 0 -100.000 -100.000
312 Fe 1200 48 0 0 -100.000 -100.000
312 Fe 1200 48 0 0 -100.000 -100.000
312 MQ 700 1 11.693 17.046 98.254 373.763
312 Mg 700 48 10.476 12.834 39.179 56.226
312 MQ 700 48 11.782 6.635 56.530 -19.233
312 MQ 950 24 7.431 1.428 63.558 -73.400
312 MQ 950 24 0 0 -100.000 -100.000
312 Mg 950 24 1.449 0.526 -68.107 -90.202
312 Mq 1200 1 0 0 -100.000 -100.000
312 MQ 1200 1 0 0 -100.000 -100.000
312 Ma 1200 48 0 0 -100.000 -100.000
312 Na 700 1 11.638 6.44 97.321 78.988
312 Na 700 1 12.545 12.552 112.699 248.860
312 Na 700 48 11.784 14.082 56.556 71.418
312 Na 950 24 0 0 -100.000 -100.000
312 Na 950 24 1.215 0.526 -73.258 -90.202
312 Na 950 24 0.398 0.139 -91.240 -97.411
312 Na 1200 1 0 0 -100.000 -100.000
312 Na 1200 48 0 0 -100.000 -100.000
312 Na 1200 48 0 0 -100.000 -100.000
312 None 700 1 5.898 3.598 * *
312 None 700 48 7.028 8.917 * *
312 None 700 48 8.026 7.513 * *
312 None 950 24 4.393 4.642 * *
312 None 950 24 6.739 7.352 * *
312 None 950 24 2.498 4.111 * *
312 None 1200 1 0.467 0.613 * *
312 None 1200 1 0.452 0.548 * *
312 None 1200 48 0.379 0.592 * *
Table 4.8 - NEXTELTM 312 Ceramic Oxide Fiber average tensile and 50mil bend data
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Temperature Tensile 50milBend % Tensile % 50mil
Fiber Contaminant eC) Time (hours) (Ibf)·Ave (Ibf)-ave Loss Loss
550 Fe 700 1 11.009 4.264 17.762 -4.736
550 Fe 700 48 7.498 4.292 -23.160 -26.444
550 Fe 700 48 4.463 1.84 -54.263 -68.466
550 Fe 950 24 0 0 -100.000 -100.000
550 Fe 950 24 0.435 0.376 -94.915 -93.621
550 Fe . 950 24 2.792 0.647 -67.363 -89.023
550 Fe 1200 1 0.199 0 -94.385 -100.000
550 Fe 1200 1 0 0 -100.000 -100.000
550 Fe 1200 48 0 0 -100.000 -100.000
550 Mq 700 1 17.543 5.078 87.656 13.450
550 Mq 700 1 19.022 13.638 103.476 204.692
550 Mg 700 48 12.198 0.739 25.005 -87.335
550 Mq 950 24 2.936 0.433 -65.680 -92.654
550 Mq 950 24 0 0.063 -100.000 -98.931
550 Mg 950 24 5.243 0.205 -38.712 -96.522
550 Mq 1200 1 0.05 0.088 -98.589 -98.004
550 Mo 1200 48 0 0 -100.000 -100.000
550 Mq 1200 48 0.42 0 -93.057 -100.000
550 Na 700 1 14.228 7.716 52.196 72.386
550 Na 700 48 15.511 6.585 58.957 12.853
550 Na 700 48 13.799 1.492 41.412 -74.430
550 Na 950 24 0 0.106 -100.000 -98.202
550 Na 950 24 9.461 2.714 10.595 -53.953
550 Na 950 24 17.249 6.544 101.633 11.028
550 Na 1200 1 0 0 -100.000 -100.000
550 Na 1200 1 0 0 -100.000 -100.000
550 Na 1200 48 0 0 -100.000 -100.000
550 None 700 1 9.447 4.631 • •
550 None 700 1 9.25 4.321 • •
550 None 700 48 9.758 5.835 • •
550 None 950 24 9.415 7.418 • •
550 None 950 24 10.354 5.831 • •
550 None 950 24 5.895 4.433 • •
550 None 1200 1 3.544 4.409 • •
550 None 1200 48 0.575 0.571 • •
550 None 1200 48 0.798 0.572 • •
Table 4.9 - NEXTELTM 550 Ceramic Oxide Fiber average tensile and 50mi! bend data
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,Temperature Time Tensile % Tensile
Fiber Contaminant rCI (hours) (lbf)-Ave Loss
610 Fe 700 1 9.247 -5.489
610 Fe 700 1 13.416 37.122
610 Fe 700 48 5.947 -45.573
610 Fe 950 24 1.846 -87.104
610 Fe 950 24 0.31 -97.834
610 Fe 950 24 1.744 -87.817
610 Fe 1200 1 4.621 70.015
610 Fe 1200 48 0.023 -98.840
610 Fe 1200 48 0.487 -75.429
610 MQ 700 1 14.209 45.227
610 Mg 700 48 14.941 36.741
610 MQ 700 48 16.618 52.089
610 MQ 950 24 0 -100.000
610 Ma 950 24 0 -100.000
610 MQ 950 24 0 -100.000
610 MQ 1200 1 0.262 -90.361
610 MQ 1200 1 5.865 115.784
610 Ma 1200 48 1.222 -38.345
610 Na 700 1 22.779 132.819
610 Na 700 1 12.21 24.796
610 Na 700 48 21.011 92.294
610 Na 950 24 9.88 -30.981
610 Na 950 24 9.205 -35.697
610 Na 950 24 1.344 -90.611
610 Na 1200 1 0.517 -80.979
610 Na 1200 48 1.625 -18.012
610 Na 1200 48 0.74 -62.664
610 None 700 1 9.784 *
610 None 700 48 10.812 *
610 None 700 48 11.041 *
610 None 950 24 13.884 *
610 None 950 24 12.552 *
610 None 950 24 16.509 *
610 None 1200 1 2.427 *
610 None 1200 1 3.009 *
610 None 1200 48 1.982 *
Table 4.10 - NEXTELTM 610 Ceramic Oxide Fiber average tensile data
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Temperature Time Tensile % Tensile
Fiber Contaminant -eC) (hours) (Ibf)-Ave Loss
720 Fe 700 1 5.655 178.984
720 Fe 700 48 4.386 19.510
720 Fe 700 48 2.177 -40.681
720 Fe 950 24 0.423 -90.330
720 Fe 950 24 0.741 -83.060
720 Fe 950 24 0.845 -80.683
720 Fe 1200 1 0.399 -79.433
720 Fe 1200 1 0.613 -68.402
720 Fe 1200 48 0.418 -82.834
720 Mq 700 1 0.619 -69.462
720 MQ 700 1 4.124 103.453
720 MQ 700 48 5.802 58.093
720 Mg 950 24 0.167 -96.182
720 Mq 950 24 7.07 61.625
720 MQ 950 24 0.772 -82.352
720 Mg 1200 1 0.528 -72.784
720 Mq 1200 48 0.159 -93.470
720 MQ 1200 48 1.68 -31.006
720 Na 700 1 3.593 77.257
720 Na 700 48 3.417 -6.894
720 Na 700 48 2.948 -19.673
720 Na 950 24 2.792 -36.173
720 Na 950 24 5.717 30.694
720 Na 950 24 4.6 5.159
720 Na 1200 1 0.316 -83.711
720 Na 1200 1 0.407 -79.021
720 Na 1200 48 0.882 -63.778
720 None 700 1 2.212 *
720 None 700 1 1.842 *
720 None 700 48 3.67 *
720 None 950 24 3.859 *
720 None 950 24 4.464 *
720 None 950 24 4.8 *
720 None 1200 1 1.94 *
720 None 1200 48 2.469 *
720 None 1200 48 2.401 *
Table 4.11 - NEXTELTM 720 Ceramic Oxide Fiber average tensile data
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Figure 4.2 - Apparatus for 50mil bend testing
(
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Inductively Coupled Plasma
Inductively Coupled Argon Plasma spectroscopic analysis (ICP) was used to
measure actual levels of the metal contaminants introduced to the fibers. In Phase I,
samples fired for one hour were used for ICP testing. Due to cost and time
considerations, not all samples were analyzed. However, a sufficient number of samples
to determine the percent add-on of each metal was tested.
A microwave closed vessel acid decomposition method was developed to dissolve
the NEXTELTM Ceramic Oxide Fibers and to determine the amount of contaminants
introduced to the fibers. This method is for the Milestone Microwave 1200 Mega or
1600 Ethos models [26].
Fibers of approximately 0.5 g were accurately weighed to O.lmg and placed at the
bottom of a Teflon™ microwave vessel, followed by a 1:1 solution of concentrated
sulfuric and phosphoric acid. The microwave decomposition vessel was closed
appropriately and the samples were processed in the Milestone microwave. The sample
vessels were allowed to cool. Samples were then transferred to centrifuge tubes and
diluted to 50.0mL with deionized water.
Samples were analyzed on a 61E Jarrell Ash ICP. Standards for the ICP analysis
were prepared to contain levels of AI, Si, B, Na, Mg, and Fe appropriate for the levels
expected in the samples. Results are shown in Table 4.12.
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Contaminant %Na %Mg %Fe
Na 1.10 0.46 0.67
Mg 0.00 3.46 0.02
Fe 0.00 0.34 6.13
Blank 0.13 0.21 0.65
Table 4.12 - Average % contaminant on fibers in tenns ofmetal oxides
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X-Ray Diffraction
Selected samples were evaluated using X-Ray Diffraction (XRD) to determine
crystal phase changes and crystallite size. Data were collected in the form of survey
scans employing a Philips vertical diffractometer (Netherlands), copper K(a) radiation,
and proportional detector registry of the scattered radiation.
The selected samples were prepared by grinding to a fine powder to facilitate
analysis by an autosampler. The grinding vessel was rinsed with hydrochloric acid and
cleaned between each processed sample. Samples were processed with the initial added
metals intact and not rinsed off the fiber surface.
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Results and Discussion
The major purpose of this research project is to quantify the embrittling effect, if
any, of sodium, magnesium, and iron to NEXTELTM Ceramic Oxide Fiber under
controlled conditions. Phase I is specifically intended to be a screening experiment to
gain a general understanding of fiber response to each metal. Using Minitab software, a
one-way analysis of variance (ANOVA) was run on the overall fiber/contaminant
combinations to quantify the general effect on tensile strength and 50mi! bend. The data
are presented as percent strength loss when compared to a blank processed at the
corresponding time and temperature. This was done to enable a direct valuation of the
metal effect at the prescribed conditions.
As expected, all the metals had some effect on fiber strength and there was a
general trend of strength reduction as temperature increased. At 1200°C many samples
lost all measurable strength. Time at temperature was not a factor for any of the
fiber/metal interactions, indicating the thermodynamic nature of these interactions. Each
fiber/contaminant combination is discussed separately on the following pages.
NEXTELTM 312 Ceramic Oxide Fiber
NEXTELTM 312 Ceramic Oxide Fiber consists of 62% aluminum oxide (y-Ah03),
14% boron oxide (BZ03) and 24% silicon dioxide (SiOz), by weight. The y-Ah03 in this
fiber crystallizes at around 900°C. At temperatures over 1100°C this fiber loses boria and,
like all the NEXTELTM Ceramic Oxide Fibers, experiences grain growth and
crystallization at approximately 1200°C [1]. It is assumed that the corrosiveness of the
contaminants is increased with this change of state. The data collected for NEXTELTM
312 Ceramic Oxide Fiber in Phase I are consistent with this assumption.
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Iron had the largest overall effect on this fiber. At 700·C, there was an average
77% loss in tensile strength. This was followed by an average loss of 81% at 950·C and
a loss of 100% strength by all samples processed at 1200·C. A similar effect was seen in
the 50mil bend results. There was an average 61% loss of strength at 700·C, a 95% loss
at 950·C and a 100% loss of strength at 1200·C.
A series of NEXTELTM 312 Ceramic Oxide Fiber samples treated with iron was
analyzed by XRD. The graphs are shown in Figure 4.3. The first sample analyzed was
processed for 1 hour at 700·C. It is mostly amorphous with low levels of mullite-
reversed and some hematite (a-Fe203) present and there is no evidence of transitional
alumina. Mullite-reversed (M(R)) is the structure produced by this fiber that mimics the
aluminum borate/mullite structure, but has a smaller lattice parameter than pure mullite.
As boria leaves the crystalline structure, the XRD patterns move closer to that of pure
mullite (3Ah03: 2Si02). [27].
A specimen of NEXTELTM 312 Ceramic Oxide Fiber processed at 700·C for 48
hours was nearly identical to the I-hour sample, but the hematite coarsens and its
quantity increases. Some conversion to mainly M(R) and more hematite coarsening is
found in a sample processed at 900·C for 24 hours. A final sample processed at 1200·C
for 48 hours started to convert from M(R) to pure mullite, evidenced by the appearance of
a 4.4 A peak at 20 degrees. In this sample hematite is still present and M(R) has
coarsened:
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Figure 4.3 - XRD graphs for NEXTELTM 312 Ceramic Oxide Fiber
samples exposed to iron
(Sample order (top to bottom) - 48 hours 1200°C;
24 hours 900°C; 48 hours 700°C; 1 hour 700°C)
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Magnesium and sodium had an effect on the fiber, but these metals were less
damaging than iron. Magnesium had no measurable effect on tensile strength or 50mil
bend at 700°C, but produced tensile strength losses of 34% and 100% at 950°C and
1200°C, respectively. Strength losses for 50mil bend were 88% and 100% at the
corresponding temperatures.
A series ofNEXTELTM 312 Ceramic Oxide Fiber samples exposed to magnesium
was analyzed by XRD. The graphs from this analysis are shown in Figure 4.4. The first
sample, processed at 700°C for 48 hours, was mostly amorphous and no transitional
alumina was observed. However, bischofite (MgCh·6H20) is present along with minor
amounts ofM(R). In a second sample, processed at 700°C for 48 hours, the bischofite has
decomposed into periclase (MgO), but the sample is still mainly amorphous and M(R) is
present at low levels. When processed at 900°C for 24 hours, the XRD data are consistent
with well-developed M(R) and a major periclase phase. Finally, when processed at
1200°C for 48 hours, there is conversion of M(R) toward pure mullite with coarsening.
In this sample spinel is present, but periclase is not. Bischofite is also observed although
it should have completely decomposed under these conditions [27].
Results with sodium were similar to results with magnesium. There was no
measurable effect on tensile strength or 50mil bend at 700°C. At 950°C, tensile loss was
88% and 50mil bend strength loss was 96%. All samples lost all measurable strength at
1200°C.
The ANOVA generated a p-value of 0.05 for tensile strength, suggesting a
statistically valid difference between the populations of the three contaminants and the
blank on NEXTELTM 312 Ceramic Oxide Fiber. However, it is obvious by looking at the
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data graphically that Fe had a measurable impact on fiber strength. A p-va1ue of 0.312
for 50mi1 bend implies there is no overall effect of these contaminants on 50mil bend for
this fiber chemistry. Again, however, Fe had the strongest overall effect on bend strength.
ANOVA results are shown in Table 4.13 and Table 4.14 for tensile strength loss and
50mil bend strength loss, respectively. The sample populations are presented graphically
in Figures 4.5 and 4.6.
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Figure 4.4 - XRD graphs for NEXTELTM 312 Ceramic Oxide Fiber
samples exposed to magnesium
(Sample order (top to bottom) - 48 hours 1200°C;
24 hours 900°C; 48 hours 700°C; 1 hour 700°C)
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Results for: 312
One-way ANOVA: % Tensile Loss versus Contaminant
Analysis of Variance for
Source DF SS
Contamin 3 35576
Error 32 130385
Total 35 165961
Individual 95% CIs For Mean
Based on Pooled StDev
------+---------+---------+---------+
(--------*-------)
(-------*--------)
(-------*--------)
(--------*--------)
Level
Fe
Mg
Na
None
N
9
9
9
9
Mean
-85.90
-23.40
-33.10
0.00
% Tensil
MS
11859
4075
StDev
19.52
85.25
93.01
0.00
F
2.91
P
0.050
------+---------+---------+---------+
Pooled StDev = 63.83 -100 -50 o 50
Table 4.13 - NEXTELTM 312 Ceramic Oxide Fiber ANOVA
results for %tensile loss versus contaminant
312 Boxplots of% Tensile Loss by Contaminant
(means are indicated by solid circles)
100
rJl
rJl
0
....J
Q)
rJl 0C
~
~0
-100
Contaminant
Figure 4.5 - NEXTELTM 312 Ceramic Oxide Fiber
boxplots of %tensile loss by contaminant
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Results for: 312
One-way ANOVA: %SOmi! Loss versus Contaminant
Analysis of Variance for %
Source DF SS
Contamin 3 37831
Error 32 325805
Total 35 363636
50mil
MS
12610
10181
F
1.24
P
0.312
Level
Fe
Mg
Na
None
N
9
9
9
9
Mean
-85.3
-17.0
-20.9
0.0
StDev
24.2
155.8
126.0
0.0
Individual 95% CIs For Mean
Based on Pooled StDev
--+---------+---------+---------+----
(---------*---------)
(---------*--------)
(---------*---------)
(---------*---------)
--+---------+---------+---------+----
Pooled StDev = 100.9 -140 -70 o 70
Table 4.14 - NEXTELTM 312 Ceramic Oxide Fiber ANOVA
results for % 50mi! bend loss versus contaminant
312 Boxplots of %50mil Bend Loss by Contaminant
(means are indicated by solid circles)
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Figure 4.6 - NEXTELTM 312 Ceramic Oxide Fiber
boxplots of % 50mi! bend loss by contaminant
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NEXTELTM 550 Ceramic Oxide Fiber
NEXTELTM 550 Ceramic Oxide Fibers consist of 73% aluminum oxide (y-Ah03)
and 27% silicon dioxide (Si02), by weight, and contain no boria. Crystallization of the y-
Ah03 occurs at approximately 1l00°C and grain growth occurs near 1200°C [1]. Of the
metals studied, this fiber is attacked most harshly by iron. There was an average tensile
strength loss of 20%, 87%, and 98% at 700°C, 950°C, and 1200°C, respectively. This
fiber chemistry retained some strength after exposure to iron at the highest study
temperature. Results for the 50mil bend test were similar. The fiber lost an average of
33%, 94%, and 100% of the 50mil bend strength at 700°C, 950°C, and 1200°C,
respectively.
NEXTELTM 550 Ceramic Oxide Fiber results with magnesium were similar to
NEXTELTM 312 Ceramic Oxide Fiber. At 700T, the NEXTELTM 550 Ceramic Oxide
Fiber showed no measurable strength loss for either tensile or 50mil bend tests. This
chemistry had a tensile strength loss of 68% at 950°C and a loss of 97% at 1200°C.
Results for 50mil bend were 96% loss and 99% loss at the corresponding temperatures.
Two NEXTELTM 550 Ceramic Oxide Fiber samples exposed to magnesium were
evaluated with XRD. The first was processed at 700°C for 1 hour. This sample is mainly
transitional alumina and amorphous material, but some M(R) and bischofite are present.
The transitional alumina converted to pure mullite and spinel (1: 1 MgO: Ah03) in the
second sample, processed at 1200°C for 48 hours. There is also some residual bischofite
and possibly some periclase present. The graphs for this analysis are shown in Figure
4.7.
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Figure 4.7 - XRD graphs for NEXTELTM 550 Ceramic Oxide
Fiber samples exposed to magnesium
(Sample order (top to bottom) - 48 hours 1200°C; 1hour 700°C)
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Results for sodium differed slightly from NEXTELTM 312 Ceramic Oxide Fiber.
There was no measurable tensile strength loss at either 700°C or 950°C for the
NEXTELTM 550 Ceramic Oxide Fiber. For this fiber, there was an average 50mil bend
loss of 47% at 950°C, but had no loss at 700°C. At 1200°C, results for both tensile and
50mil bend test showed 100% strength loss.
The ANOVA generated p-values of 0.134 and 0.100 for tensile and 50mil bend,
respectively. At the 95% confidence interval, these values indicate no distinct overall
differences between the behaviors of the treated samples and the blank. However, iron
was the most different. ANOVA results for NEXTELTM 550 Ceramic Oxide Fiber are
shown in Tables 4.15 and 4.16. Bar charts of the data are available in Figures 4.8 and
4.9.
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Results for: 550
One-way ANOVA: %Tensile Loss versus Contaminant
Analysis of Variance for
Source DF SS
Contamin 3 23391
Error 32 124874
Total 35 148265
% Tensil
MS
7797
3902
F
2.00
P
0.134
Level
Fe
Mg
Na
None
N
9
9
9
9
Mean
-68.48
-31.10
-15.02
0.00
StDev
41. 90
82.54
83.91
0.00
Individual 95% CIs For Mean
Based on Pooled StDev
---+---------+---------+---------+---(-------*--------~
(--------*-------)
(-------*-------)
(-------*-------)
---+---------+---------+---------+---
Pooled StDev = 62.47 -100 -50 a 50
Table 4.15 - NEXTELTM 550 Ceramic Oxide Fiber ANOVA
results for % tensile loss versus contaminant
550 Boxplots of %Tensile Loss by Contaminant
(means are indicated by solid circles)
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Figure 4.8 - NEXTELTM 550 Ceramic Oxide Fiber
boxplots of %tensile loss by contaminant
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Results for: 550
One-way ANOVA: % 50mi! Loss versus Contaminant
j
Analysis of Variance for %
Source DF SS
Contamin 3 27045
Error 32 127388
Total 35 154433
50mil
MS
9015
3981
F
2.26
P
0.100
Pooled StDev =
Level
Fe
Mg
Na
None
N
9
9
9
9
Mean
-75.81
-50.59
-47.81
-0.00
63.09
StDev
36.01
102.45
64.27
0.00
Individual 95% CIs For Mean
Based on Pooled StDev
----+---------+---------+---------+--
(--------*-------)
(--------*-------)
(-------*--------)
(--------*--------)
----+---------+---------+---------+--
-100 -50 0 50
Table 4.16 - NEXTELTM 550 Ceramic Oxide Fiber ANaVA
results for % 50mil bend loss versus contaminant
550 Boxplots of % 50mil Bend Loss by Contaminant
(means are indicated by solid circles)
200
en
~ 100
....J
*
E
o
L()
~ 0
-100
Contaminant Q)c:
:2.
Figure 4.9 - NEXTELTM 550 Ceramic Oxide Fiber
boxplots of% 50mil bend loss by contaminant
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NEXTELTM 610 Ceramic Oxide Fiber and NEXTELTM 720 Ceramic Oxide Fiber
NEXTELTM 610 Ceramic Oxide Fibers are composed of 99% aluminum oxide (a-
Ah03), by weight, with a very refined crystal structure. NEXTELTM 720 Ceramic Oxide
Fiber is 85% aluminum oxide (a-Ah03) and 15% silicon dioxide (SiOz), by weight.
Because these fibers both already contain a-Ah03, the phase change seen in NEXTELTM
312 Ceramic Oxide Fibers and NEXTELTM 550 Ceramic Oxide Fibers does not take
place. However, these fibers do experience grain growth around 1200'C [1].
NEXTELTM 610 Ceramic Oxide Fibers and NEXTELTM 720 Ceramic Oxide
Fibers have a very high modulus [1]. Modulus is a measure of stiffness [23]. The high
stiffness of these fibers precludes the ability to test 50mi! bend strength. As a result, only
tensile strength results are presented for these fibers.
In Phase I, the composite fiber chemistries were difficult to test due to the method
of sample preparation. These roving samples were very fragile and there was much more
variability present than would be typically acceptable. However, general trends were
derived from the data collected. These trends were evaluated further in Phase II. In
Phase II, samples were prepared in a different manner due to the difficulties experienced
in Phase I. Data are presented here to provide some comparison to the industrial grade
samples already discussed.
None of the NEXTELTM 610 Ceramic Oxide Fibers or NEXTELTM 720 Ceramic
Oxide Fibers showed strength loss after exposure to any of the studied metals at 700°C.
As with the fibers previously discussed, time at a given temperature did not appear to
have any affect on the metal reaction with the fiber.
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After exposure to iron, NEXTELTM 610 Ceramic Oxide Fibers had average
strength losses of 91 % and 84% at 950°C and 1200°C, respectively. Magnesium and
sodium were less detrimental to the fiber tensile strength. After exposure to magnesium,
this fiber exhibited an average tensile strength loss of 9% and 41 % at 950°C and l200·C,
respectively. Sodium exposure resulted in average tensile strength loss for NEXTELTM
610 Ceramic Oxide Fibers of approximately 53% at both 950°C and 1200°C. The
•ANOVA results for this fiber are available in Table 4.17. A boxplot that graphically
illustrates the overall data set can be found in Figure 4.12.
Two series of NEXTELTM 610 Ceramic Oxide Fibers were analyzed by XRD.
The first was exposed to iron and graphs are in Figure 4.10. The sample processed at
700°C for 1 hour has corundum (a-Ah03) as a major phase with low levels of hematite
present. In samples processed at 700°C for 48 hours and 900°C for 24 hours, the hematite
coarsens. After processing at 1200°C for 48 hours, the material has the same two phases
but the hematite shifts to higher angle indicating a smaller lattice structure [27].
A second series ofNEXTELTM 610 Ceramic Oxide Fibers analyzed by XRD was
exposed to magnesium prior to treatment. The first sample was processed at 700·C for 1
hour and contains mainly corundum with low levels of bischofite present. The second
sample, processed at 700°C for 48 hours shows the development of peric1ase and low
levels of spinel. Finally, growth of a spinel phase and coarsening of the corundum was
detected in the sample processed at 1200°C for 48 hours [27]. The graphs for these
samples are shown in Figure 4.11.
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Figure 4.10 - XRD graphs for NEXTELTM 610 Ceramic Oxide
Fiber samples exposed to iron
(Sample order (top to bottom) - 48 hours 1200°C;
24 hours 900°C; 48 hours 700°C; 1 hour 700°C)
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Figure 4.11- XRD graphs ofNEXTELTM 610 Ceramic Oxide
Fiber samples exposed to magnesium
(Sample order (top to bottom) - 48 hours 1200°C; 48 hours 700°C; 1 hour 700°C)
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Average tensile strength losses of 85% at 950·C and 77% at 1200·C after
exposure to iron were seen in the NEXTELTM 720 Ceramic Oxide Fibers. After exposure
to magnesium, samples had an average strength loss of 39% and 66% at 950·C and
l200·C, respectively. There was no measurable effect from sodium at 950T, but fibers
exposed to sodium had an average loss oftensile strength of76% at 1200·C.
A series ofNEXTELTM 720 Ceramic Oxide Fiber samples exposed to magnesium
were analyzed by XRD. The sample processed at 700·C for 1 hour is a mixture of
corundum and pure mullite with a low level of bischofite present. Samples processed at
700·C for 48 hours and 900·C for 24 hours are essentially identical and composed of pure
mullite and corundum. The mullite and corundum in the sample processed at 1200·C for
48 hours has coarsened and a major spinel phase has developed. Graphs for this analysis
are shown in Figure 4.14.
-The ANOVA generated p-values of 0.591 and 0.686 for NEXTELTM 610 Ceramic
Oxide Fibers and NEXTELTM 720 Ceramic Oxide Fibers, respectively. These values can
be interpreted to mean there is no real difference between results for any of the metals
when compared to the blank samples. Blanks were treated at the same times and
temperatures as the spiked samples, but were not exposed to additional metals. However,
due to sample testing difficulties, the results for NEXTELTM 610 Ceramic Oxide Fibers
will be reevaluated based on work done in Phase II of this research. The ANOVA results
for Nextel 720 are located in Table 4.18. A graphical representation of the overall data
set for NEXTELTM 720 Ceramic Oxide.Fibers can be found in Figure 4.13.
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Results for: 610
One-way ANOVA: % Tensile Loss versus Contaminant
Analysis of Variance for % Tensil
Source DF SS MS
Contamin 3 9730 3243
Error 32 134827 4213
Total 35 144557
F
0.77
P
0.519
Level
Fe
Mg
Na
None
N
9
9
9
9
Mean
-43.44
-19.87
-7.67
0.00
StDev
62.98
83.36
77.05
0.00
Individual 95% Cis For Mean
Based on Pooled StDev
--+---------+---------+---------+----
(----------*----------)
(----------*----------)
(----------*----------)
(--------~-*----------)
--+---------+---------+---------+----
Pooled StDev = 64.91 -80 -40 a 40
Table 4.17 - NEXTELTM 610 Ceramic Oxide Fibers ANOVA
results for % tensile loss versus contaminant
610 Boxplots of %Tensile Loss by Contaminant
(means are indicated by solid circles)
Contaminant
l/l
l/l
o
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~
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Figure 4.12 - NEXTELTM 610 Ceramic Oxide Fibers
boxplots of% tensile loss by contaminant
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Results for: 720
One-way ANOVA: %Tensile Loss versus Contaminant
Analysis of Variance for
Source DF SS
Contamin 3 6196
Error 32 132414
Total 35 138610
Pooled StDev =
Individual 95% cis For Mean
Based on Pooled StDev
---+---------+---------+---------+---
(------------*-----------)
(------------*-----------)(-----------*------------)
(-----------*-----------)
---+---------+---------+---------+---
-70 -35 0 35
Level
Fe
Mg
Na
None
N
9
9
9
9
Mean
-36.33
-24.68
-19.57
0.00
64.33
% Tensil
MS
2065
4138
StDev
87.76
77 .66
53.10
0.00
F
0.50
P
0.686
Table 4.18 - NEXTELTM 720 Ceramic Oxide Fibers ANOVA
results for % tensile loss versus contaminant
720 Boxplots of %Tensile Loss by Contaminant
~\
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Figure 4.13 - NEXTELTM 720 Ceramic Oxide Fibers
boxplots of %tensile loss by contaminant
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Figure 4.14 - XRD graphs ofNEXTELTM 720 Ceramic Oxide
Fiber samples exposed to magnesium
(Sample order (top to bottom) - 48 hours 1200·C;
24 hours 900·C; 48 hours 700·C; 1 hour 700·C)
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Phase I Summary
The effects of sodium, magnesium and iron on roving samples of four different
NEXTELTM Ceramic Oxide Fiber chemistries were examined in Phase I. Of all the
interactions studied, only iron, present at 6.13%, had any effect at 700·C. Specifically,
iron caused an average 77% loss of tensile strength in NEXTELTM 312 Ceramic Oxide
Fibers and an average loss of tensile strength of20% forNEXTELTM 550 Ceramic Oxide
Fibers. At higher temperatures, iron had the largest overall contaminant effect on the
fibers studied. For all fiber chemistries, iron caused a loss of 84 - 91% tensile strength at
950CC. Similarly, samples exposed to iron experienced a 77 - 100% tensile strength loss
after exposure to l200·C.
Tensile strength losses of approximately 100% were seen in the industrial grade
fibers when exposed to any of the metals and processed at l200·e. At 950·C sodium was
detrimental to NEXTELTM 312 Ceramic Oxide Fiber and magnesium was detrimental to
NEXTELTM 550 Ceramic Oxide Fiber. The former was mildly affected by magnesium at
9S0·C. Sodium had no effect on NEXTELTM 550 Ceramic Oxide Fiber at the same
temperature.
The composite grade fibers contain crystalline a-Ah03 and are less reactive than
the industrial grade fibers that contain y-Ah03. This was evident in the results for
NEXTELTM 610 Ceramic Oxide Fiber and NEXTELTM 720 Ceramic Oxide Fiber. At
9S0·C, NEXTELTM 610 Ceramic Oxide Fibers lost very little strength in the presence of
magnesium, about half of its strength after exposure to sodium, and almost all of its
strength after exposure to iron. At l200·C, NEXTELTM 610 Ceramic Oxide Fiber lost
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about half its strength after exposure to sodium and to magnesium, and most of its
strength after exposure to iron.
There was no loss of tensile strength in the NEXTELTM 720 Ceramic Oxide
Fibers after exposure to sodium at 950 0 • About half the fiber strength was lost after
exposure to magnesium, and almost all strength was lost after exposure to iron. About
three-fourths of the strength for this fiber chemistry was lost after exposure to any of the
metals at 1200°C.
There was some effect on each fiber chemistry after exposure to at least one of the
metals at one of the studied temperatures. As expected, higher temperatures facilitated
more extensive contaminant / fiber reactions and greater strength loss. As mentioned
before, all the fibers experience grain growth at temperatures around 1200°C. As the
grain size approaches the fiber diameter, strength is lost.
The general trend of strength loss can be determined from the data in Phase 1.
However, due to some problems experienced in sample handling, more than the
anticipated variability was present. NEXTELTM 312 Ceramic Oxide Fibers and
NEXTELTM 610 Ceramic Oxide Fibers were examined in Phase II under the same
processing conditions. Lower levels of the contaminants were used and a different
sample handling procedure was employed. The modified procedure was designed to
eliminate most of the variability introduced due to sample handling problems experienced
in Phase 1.
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Chapter Five
Experimental Phase II
Introduction
Phase II of this study was planned based on the results of Phase 1. Lower levels
of the contaminant metals were examined on only two NEXTELTM Ceramic Oxide Fiber
chemistries, NEXTELTM 312 Ceramic Oxide Fibers and NEXTELTM 610 Ceramic Oxide
Fibers. Although the concentrations are lower than used in Phase I, they may be
significantly higher than concentrations seen in typical applications. The same three
contaminating metals (i.e., Na, Mg, Fe) at the same times (i.e., 1, 24 and 48 hours) and
temperatures (i.e., 70Q·C, 9S0·C, and l200·C) used in Phase I were evaluated. A baseline
sample containing zero added contaminants was included.
Roving samples for this type of analysis proved difficult during Phase 1.
Therefore, ceramic yams were evaluated in Phase II. Yams are plied and twisted roving
[23).
Yam tensile strength was tested, but SOmil bend was not. As in Phase I, selected
samples were evaluated using X-Ray Diffraction (XRD) to determine crystal phase
changes. Inductively Coupled Plasma (ICP) was used to measure actual levels of the
metal contaminants. Selected samples were also evaluated using Scanning Electron
Microscopy (SEM) to review surface transformations.
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Experimental Procedure
Materials
Two fiber chemistries were used in Phase II of this research. These were
NEXTELTM 312 Ceramic Oxide Fibers (y-Ah03:Si02:B203) 1800 denier 1/2 2.7z yam
and NEXTELTM 610 Ceramic Oxide Fibers (a-Ah03) 1500 denier 1/2 2.7z yam l . This
notation describes the number of plied yarns (e.g., 1/2 denotes two yams twisted into
one), the number of twists per inch (e.g., 2.7), and the direction of the twist (e.g., left or
right). Because only information on fiber reactivity with the individual metals was
desired, it was not important to ensure these fibers could be directly compared to each
other. Therefore it is not important that these yarns are not similar in filament count.
Typical properties for the yams used are available in Table 5.1 [1]. A comparison of
these materials was not attempted. However, trends in metal effects were considered in
the final analysis.
Instead of the chlorides used in Phase I, the nitrate salts of the metal contaminants
were used for Phase II. Nitrates were selected because they were readily available in the
deionized water. A single stock solution of O.lM and O.OIM of each was prepared and
used for this entire phase of the study.
I Yarns ofNEXTELTM Ceramic Oxide Fibers:
NEXTELTM 312 Ceramic Oxide Fibers - 1800D 1/2 2.7z; 42-0002-5800-6; 3M Company, 81.
Paul, MN 55144
NEXTELTM 610 Ceramic Oxide Fibers - 1500D 1/2 2.7z; 42-0015-0182-6; 3M Company, 81.
Paul, MN 55144
2 Metals
NaN03- Aldrich; 22,993-8
Mg(N03h ° 6H20 - Aldrich; 22,717-5
Fe(N03)3 o9H20 - Aldrich; 21-682-8
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Yarn Ends Diameter Yield± 10% RT Breaking
Load
in mm yds/lb m/kg Ibs kg
NEXTELTM 2 0.016 0,41 1190 2400 32 14,5
312 Ceramic
Oxide Fibers
1800D 1/2 2.7z
NEXTELTM 2 0.010 0,25 1420 2860 20 9,1
610 Ceramic
Oxide Fibers
1500D 1/2 2.7z
Table 5.1 - NEXTELTM Ceramic Oxide Fiber yarn typical properties
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Processing Equipment
In Phase I, contaminants were introduced to the samples by soaking the fibers in
salt solutions. Although this was an acceptable method, the roving samples were difficult
to test with a high level of precision. The yams used in Phase II were processed
differently to ensure a more even exposure of the fiber surface to the metals.
In Phase II, the yams were coated with the salt solutions using a coater / winder.
The fiber was threaded up on this machine and unrolled from a sample core. The yam
was then dipped in the salt solution and dried immediately on rolls heated to
approximately I05·C. The prepared sample was then wound onto a second core.
As in Phase I, samples in Phase II were processed at high temperatures (e.g.,
700·C, 950·C, and 1200°C). All samples were processed using one of three furnaces
capable of the required temperature. Those furnaces are described in Chapter 4.
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Experimental Design
A balanced experimental design was used to ensure all variables were evaluated.
Variables were time and temperature, see Table 5.2, and fiber and contaminant, see Table
5.3. The temperatures evaluated were 700°C, 950°C, and 1200°C.
Important aspects of this temperature range are that NEXTELTM 312 Ceramic
Oxide Fibers undergo a physical change of state around 900°C, the temperature at which
the y-Ah03 in the fiber crystallizes. Also, at approximately l200°C, both NEXTELTM
312 Ceramic Oxide Fibers and NEXTELTM 610 Ceramic Oxide Fibers experience grain
growth and crystallization. The extent of crystallization is dependent on time at
temperature [1].
As with Phase I, the samples in Phase II were fired for 1, 24, or 48 hours. These
durations were selected to enable a comparison over a specified time period conducive to
the completion of this work. Duplicate samples of each variable combination were
prepared. Table 5,4 outlines the sample set for yams ofNEXTELTM 312 Ceramic Oxide
Fibers and Table 5.5 outlines the sample set for yarns ofNEXTELTM 610 Ceramic Oxide
Fibers.
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Variables Low Level Center Point High Level
Time, hours 1 24 48
Temperature,oC 700 950 1200
Table 5.2 - Variables of interest
Variables
Yarn NEXTELTM NEXTELTM 610
312 Ceramic Ceramic Oxide
Oxide Fibers Fibers
Contaminant NaN03 Mg(N03)2e6H20 Fe(N03)3 e9H20 None
(lM
solution)
Table 5.3 - Categorical variables of interest
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Contaminant Time Temperature
(hours) eC)
Na 1 700
Na 1 950
Na 1 1200
Na 24 700
Na 24 950
Na 24 1200
Na 48 700
Na 48 950
Na 48 1200
Mg 1 700
Mq 1 950
MQ 1 1200
MQ 24 700
Mg 24 950
Mg 24 1200
MQ 48 700
Mg 48 950
Mg 48 1200
Fe 1 700
Fe 1 950
Fe 1 1200
Fe 24 700
Fe 24 950
Fe 24 1200
Fe 48 700
Fe 48 950
Fe 48 1200
Table 5.4 - NEXTELTM 312 Ceramic Oxide Fiber yam sample set for Phase II
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Contaminant Time Temperature
(hours) eCl
Na 1 700
Na 1 950
Na 1 1200
Na 24 700
Na 24 950
Na 24 1200
Na 48 700
Na 48 950
Na 48 1200
Mq 1 700
Mq 1 950
Mg 1 1200
Mq 24 700
Mq 24 950
Mq 24 1200
Mg 48 700
Mq 48 950
Mq 48 1200
Fe 1 700
Fe 1 950
Fe 1 1200
Fe 24 700
Fe 24 950
Fe 24 1200
Fe 48 700
Fe 48 950
Fe 48 1200
Table 5.5 - NEXTELTM 610 Ceramic Oxide Fiber yam sample set for Phase II
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Sample Processing
Variability within the fiber cores is reduced when using yam. Each yam sample
was taken from a single core, within a single lot of the particular chemistry. Samples
were randomly selected from the sample cores to minimize within-lot fiber variation.
Samples were also fired randomly.
Single solutions at concentrations of O.1M and O.OIM of each metal salt were
prepared and used throughout this entire experimental phase. This was done to minimize
any differences in solution concentration and therefore, contaminant exposure to the
various fibers. All samples were coated and dried using the coater/winder.
The three furnaces were preheated to their respective temperatures (i.e., 700·C,
9S0·C, or l200·C). Each furnace had been calibrated against standards traceable to
NIST, was programmable and would remain within a few degrees of the set point. The'
samples were fired in random order. Only one sample was fired in each furnace at a
time.
After being fired at the desired temperature and time, the samples were removed
from the furnace and allowed to cool at room temperature. The samples were then ready
to be tested for contaminant effects.
Testing
Tensile Strength
As stated in Chapter 4, the most technically accurate method for strength testing
of NEXTELTM Ceramic Oxide Fibers is to measure the tensile strength of single
filaments at elevated temperature after heat treatment. However, the use of yarn for this
phase was not conducive to single filament testing. Tensile strength of yams of
93
NEXTELTM Ceramic Oxide Fibers is routinely tested and that procedure was used here
[24].
. The tensile testing set-up is identical to the procedure described in Chapter 4. In
Phase I, many samples were lost due to embrittlement. In Phase II, some samples were
also lost for this reason, but the number lost was significantly lower. The strength values
for these embrittled samples are reported as zero.
The maximum tension exerted on the sample before 50% of the filaments broke is
reported. The test was repeated in triplicate. The three fiber specimens were taken from
throughout the entire fiber sample in an effort to account for the within sample variation.
When the strand to be tested was too brittle to test (i.e., it broke during normal handling),
the value reported is zero. No negative numbers were obtained in Phase II. Average
tensile strengths are reported in Table 5.6.
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Fiber Temp Time MgL MgH NaL· NaH FeL FeH Blank
("C) I'hours'
312 700 1 22.012 18.629 18.621 20.118 15.411 14.774 21.581
312 700 24 13.572 17.239 18.235 16.264 14.442 17.808 17.897
312 700 48 12.332 14.699 17.676 14.996 14.022 18.562 16.224
312 950 1 10.442 3.613 15.785 15.635 11.144 15.821 13.018
312 950 24 10.890 0.000 17.065 16.789 14.713 14.733 20.607
312 950 48 13.138 0.000 17.513 19.913 14.856 17.465 15.627
312 1200 1 0.000 0.000 0.000 0.000 0.578 5.714 2.130
312 1200 24 0.000 0.000 0.000 0.000 2.311 3.199 2.111
312 1200 48 0.000 0.000 0.000 0.000 0.000 0.797 4.186
Fiber Temp Time MgL MgH NaL NaH FeL FeH Blank
("C) 'hours'
610 700 1 14.841 13.042 11.389 12.960 13.501 13.221 16.553
610 700 24 12.598 16.534 13.730 16.184 16.462 13.282 15.283
610 700 48 18.532 13.938 12.592 15.627 13.325 12.961 12.943
610 950 1 14.588 15.925 12.208 13.360 15.493 16.641 14.826
610 950 24 14.271 14.721 14.879 13.237 13.756 13.414 11.990
610 950 48 12.806 15.208 13.326 13.212 13.300 15.667 16.843
610 1200 1 12.666 15.983 13.464 15.319 16.725 17.765 13.489
610 1200 24 9.493 15.697 15.397 11.612 12.767 0.797 14.181
610 1200 48 9.614 15.110 12.791 10.345 8.858 0.533 13.745
-
Table 5.6 - Phase II average tensile strength
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Inductively Coupled Plasma
Inductively Coupled Argon Plasma spectroscopic analysis (ICP) was used to
measure actual levels of the metal contaminants introduced to the fibers. In Phase II,
coated but unfired samples were used for ICP testing. Due to cost and time
considerations, not all samples were analyzed. However, a sufficient number of samples
to detennine the percent add-on of each metal were tested. The microwave digestion
method used is described in Chapter 4. Results are shown in Table 5.7.
X-Ray Diffraction
Selected samples were evaluated using X-Ray Diffraction (XRD) to detennine
crystal phase changes and crystallite size. Samples were prepared by rinsing with dilute
HCl followed by deionized water, drying and grinding in stainless steel vessels. Data
were collected as described in Chapter 4.
Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) was used to show surface features of
selected samples of the treated fibers. These samples were run on a JEOL JSM-6400
Scanning Microscope (Tokyo, Japan). Views showing the fiber surface, those samples
with any roughness (mottling), and a close-up of the fiber ends are included in the results
and discussion part of this chapter.
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.Condition %Na %Mg %Fe
LowNa 0.04 0.00 0.04
LowMg 0.02 0.01 0.04
Low Fe 0.01 0.00 0.07
HighNa 0.07 0.00 0.04
HighMg 0.03 0.05 0.05
High Fe 0.02 0.00 0.24
Blank 0.01 0.00 0.04
Table 5.7 - Average % contaminant on fibers in terms ofmetal oxides.
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Results and Discussion
Phase I was specifically intended to be a screening experiment to gain a general
understanding of fiber response to each metal. Phase II was developed to provide a more
precise quantification of metaVfiber interactions. A one-way ANalysis Of VAriance
(ANOVA) was run on each fiber/contaminant combination to quantify the effect on
tensile strength when the fibers were exposed to the metals under controlled conditions.
The data are presented and analyzed as percent strength loss when compared to a blank
processed at the corresponding time and temperature. This was done to enable a direct
evaluation of the metal effect. Each fiber/contaminant combination is discussed
separately on the following pages.
NEXTELTM 312 Ceramic Oxide Fiber Interaction with Sodium
A low p-value of 0.000 for tensile strength was generated in the ANOVA of
NEXTELTM 312 Ceramic Oxide Fiber interactions with low levels of sodium at the
studied temperatures. The corresponding p-value for high levels of sodium is 0.000. A
statistically valid difference in the interactions at different temperatures is confirmed by
these values.
In correlation with Phase I results, there was no measurable strength loss in
samples processed at 700·C. There was no measurable tensile strength loss in samples
processed at 950·C, compared to an average of 88% for samples in Phase 1. Also
following results obtained in Phase I, there was a loss of all measurable strength for phase
II samples processed at 1200·C. Figures 5.1 and 5.2 show the data graphically.
ANOVA results for contaminant/time interactions were p-values of 0.995 for low
levels of sodium and 0.828 for high levels of sodium. These values indicate no time
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effect on embrittlement of the fibers. ANOVA results for NEXTELTM 312 Ceramic
Oxide Fiber interactions with sodium are shown in Table 5.8.
Graphs of the XRD analysis of this fiber exposed to high levels of sodium are
shown in Figure 5.3. A sample blank, exposed to the same level of sodium but never
processed in a furnace, is mostly amorphous with low levels ofMullite-Reversed (M(R))
present. There is no evidence in this sample for transitional alumina. A good conversion
to M(R) is shown in a sample processed at 950·C for 48 hours. In the sample processed at
1200·C for 48 hours, a good conversion from M(R) toward pure mullite and the
appearance ofa 4.4 Apeak is seen. Coarsening is indicated by the mullite [27].
These results can be explained and supported by the surface characteristics of
NEXTELTM 312 Ceramic Oxide Fibers treated with sodium. Micrographs of these fibers
exposed to high levels of sodium at 700·C for 48 hours are in Figure 5.4. The smooth
nature of this specimen indicates the sodium has had no effect on the fiber. A sample of
the fiber exposed to high levels of sodium at 950·C for 48 hours is shown in Figure 5.5.
This specimen has a smooth surface similar to the 700"C sample, indicating no
interaction between the fiber and the metal. A third specimen of the fiber, exposed to
high levels of sodium and processed at 1200·C for 48 hours is shown in Figure 5.6. The
complete loss of strength at these conditions is supported by the mottled and porous
surface of the fiber. The grainy crystals are approximately O.lllm in size. A highly
magnified view ofthe fiber surface is shown in Figure 5.6b.
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One-way ANOVA: NaL versus Temp
Analysis of Variance for NaL
Source DF SS MS F
Temp 2 19672.6 9836.3 288.10
Error 6 204.9 34.1
Total 8" 19877.4
P
0.000
o-35-70-105
Individual 95% CIs For Mean Based on Pooled StDev
StDev -+---------+---------+---------+-----
3.56 (-*-)
9.47 (--*-)
0.00 (-*--)
-+---------+---------+---------+-----
Level N Mean
700 3 3.06
950 3 -5.22
1200 3 -100.00
Pooled StDev = 5.84
P
0.995
F
0.01
MS
18
3307
One-way ANOVA: NaL versus Time
Analysis of Variance for NaL
Source DF SS
Time 2 36
Error 6 19841
Total 8 19877
Individual 95% C~s For Mean Based on Pooled StDev
StDev ----+---------+---------+---------+--
57.29 (---------------*------~--------)
56.04 (----------------*---------------)
59.15 (----------------*---------------)
----+---------+---------+---------+--
Level N Mean
1 3 -33.85
24 3 -36.60
48 3 -31. 71
Pooled StDev = 57.51 -100 -50 o 50
MS
9216
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One-way ANOVA: NaH versus Temp
Analysis of Variance for NaH
Source DF SS
Temp 2 18431
Error 6 608
Total 8 19039
F
90.92
P
0.000
o-35-70-105
---+---------+---------+---------+---
Level N Mean
700 3 -5.56
950 3 -2.52
1200 3 -100.00
Pooled StDev = 10.07
Individual 95% CIs For Mean Based on Pooled StDev
StDev ---+---------+---------+---------+---
12.15 (---*---)
12.50 (---*---)
0.00 (---*---)
P
0.983
F
0.02
MS
55
3155
One-way ANOVA: NaH versus Time
Analysis of Variance for NaH
Source DF SS
Time 2 109
Error 6 18930
Total 8 19039
50o-50-100
Level N Mean
1 3 -40.03
24 3 -36.52
48 3 -31. 53
Pooled StDev = 56.17
Individual 95% CIs For Mean Based on Pooled StDev
StDev ----+---------+---------+---------+--
52.60 (---------------*---------------)
55.99 (---------------*---------------)
59.69 (---------------*---------------)
----+---------+---------+---------+--
Table 5.8 - NEXTELTM 312 Ceramic Oxide Fiber ANaYA results for sodium interaction
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Figure 5.1 - Integral plot for NEXTELTM 312 Ceramic Oxide Fiber
tensile loss after exposure to low Na
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Figure 5.2 - Integral plot for NEXTELTM 312 Ceramic Oxide Fiber
tensile loss after exposure to high Na
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Figure 5.3 - XRD graphs for NEXTELTM 312 Ceramic Oxide
Fiber samples exposed to high levels of sodium
(Sample order top to bottom - 48 hours 1200·C;
48 hours 950·C; 48 hours 700·C; 0 hours RT)
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Figure 5.4 - NEXTELTM 312 Ceramic Oxide Fiber exposed to
high levels ofNa at 700·C for 48 hours
A - End of fiber
B - Side view
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Figure 5.4 '- NEXTELTM 312 Ceramic Oxide Fiber exposed to
high levels ofNa at 700'C for 48 hours
A - End of fiber
B - Side view
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Figure 5.5 - NEXTELTM 312 Ceramic Oxide Fiber
exposed to high levels ofNa at 950°C for 48 hours
A- End of fiber
B - Side view
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Figure 5.5 - NEXTEUM 312 Ceramic Oxide Fiber
exposed to high levels of Na at 950T for 48 hours
A - End of fiber·
B - Side view
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Figure 5.6 - NEXTELTM 312 Ceramic Oxide Fiber
exposed to high levels ofNa at l200°C for 48 hours
A - End of fiber
B - Side view, high magnification
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Figure 5.6 - NEXTEUM 312 Ceramic Oxide Fiber
exposed to high levels ofNa at 1200°C for 48 hours
A - End of fiber
B - Side view, high magnification
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NEXTELTM 312 Ceramic Oxide Fiber Interaction with Magnesium
The NEXTELTM 312 Ceramic Oxide Fiber results due to interactions with
magnesium correlated with the results obtained in Phase 1. Tensile strength at 700T was
affected very little by magnesium. The average tensile strength loss of the fiber at 700°C
with low levels of magnesium was 14.5%. There was only a negligible loss of strength
when exposed to high levels ofmagnesium at this temperature.
Samples processed at 950°C experienced average losses of 31% and 94%,
respectively, for low and high levels of magnesium. In Phase I samples exposed to very
high levels of the metal produced an average tensile loss of34% at this same temperature.
This seemingly large discrepancy results from a 3-pound difference in tensile strength, a
value having little practical significance.
When reviewing samples processed at 1200°C, the average loss of tensile strength
for all samples was 100%. Identical results were obtained in Phase I, in which all samples
processed at this temperature experienced 10Q% loss of strength. Tensile trends are
shown graphically in Figures 5.7 and 5.8.
A p-va1ue of 0.000 was generated from the ANOVA for tensile strength of
NEXTELTM 312 Ceramic Oxide Fiber interactions with low levels of magnesium at the
studied temperatures. The corresponding p-va1ue for high levels of the metal is 0.000,
indicating a statistically valid difference in the interactions at different temperatures.
ANOVA results for contaminant/time interactions were p-va1ues of 0.985 for low
levels of magnesium and 0.972 for high levels of magnesium. There is no time effect on
embrittlement of the studied samples. ANOVA results for NEXTELTM 312 Ceramic
Oxide Fiber interactions with magnesium are shown in Table 5.9.
106
One-way ANOVA: MgL versus Temp
P
0.000
F
341.44
MS
6186.1
18.1
of Variance for MgL
DF SS
2 12372.3
6 108.7
8 12481.0
Analysis
Source
Temp
Error
Total
o-30-60-90
Individual 95% CIs For Mean Based on Pooled StDev
StDev ------+---------+---------+---------+
3.79 (-*-)
6.32 (-*-)
0.00 (-*-)
------+---------+---------+---------+
Level N Mean
700 3 -14.49
950 3 -30.75
1200 3 -100.00
Pooled StDev = 4.26
P
0.985
F
0.02
MS
32
2069
One-way ANOVA: MgL versus Time
Analysis of Variance for MgL
Source DF SS
Time 2 65
Error 6 12416
Total 8 12481
o-40-80
Level N Mean
1 3 -45.33
24 3 -51. 86
48 3 -48.05
Pooled StDev = 45.49
Individual 95% CIs For Mean Based on Pooled StDev
StDev ----------+---------+---------+------
47.96 (---------------*---------------)
42.88 (---------------*---------------)
45.49 (---------------*---------------)
----------+---------+---------+------
P
0.000
F
152.40
MS
8671.7
56.9
One-way ANOVA: MgH versus Temp
Analysis of Variance for MgH
Source DF SS
Temp 2 17343.3
Error 6 341.4
Total 8 17684.7
o-35-70-105
Level N Mean
700 3 -3.84
950 3 -93.60
1200 3 -100.00
Pooled StDev = 7.54
Individual 95% CIs For Mean Based on Pooled StDev
StDev --+---------+---------+---------+----
6.92 (--*--)
11.09 (--*--)
0.00 (--*--)
--+---------+---------+---------+----
MS
85
2919
One-way ANOVA: MgH versus Time
Analysis of Variance for MgH
Source DF SS
Time 2 169
Error 6 17516
Total 8 17685
F
0.03
P
0.972
o-50-100
Level N Mean
1 3 -60.11
24 3 -66.73
48 3 -70.61
pooled StDev = 54.03
Individual 95% CIs For Mean Based on Pooled StDev
StDev ----------+---------+---------+------
53.33 (--------------*--------------)
57.63 (---------------*--------------)
50.91 (--------------*--------------)
----------+---------+---------+------
Table 5.9 - NEXTELTM 312 Ceramic Oxide Fiber
ANOVAresults for magnesium interaction
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Figure 5.7 - Integral plot for NEXTELTM 312 Ceramic Oxide Fiber
tensile loss after exposure to low levels ofMg
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Figure 5.8 - Integral plot for NEXTELTM 312 Ceramic Oxide Fiber
tensile loss after exposure to high levels of Mg
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A series of NEXTELTM 312 Ceramic Oxide Fiber after exposure to magnesium
was analyzed by XRD. A sample exposed to magnesium, but never processed in a
furnace was mostly amorphous with a low level of M(R) and no evidence of transitional
alumina. The sample processed at 950°C for 48 hours shows the conversion to M(R).
After processing at 1200°C for 48 hours, the material shows a shift of M(R) toward pure
mullite with some coarsening and loss of the initial amorphous character of the material
[27]. Graphs from this analysis are shown in Figure 5.9.
When specimens were examined using SEM, the reasons for the tensile results
became clear. Micrographs for a specimen exposed to high levels of magnesium and
processed at 700°C for 48 hours are shown in Figure 5.10. The tensile strength values
reported above are supported by smooth, umeacted characteristics of the fiber surface. A
specimen exposed to high levels of magnesium and processed for 48 hours at 950°C is
shown in Figure 5.11. As indicated in the tensile strength analysis above, a significant
strength loss was measured for this sample. The sample surface was very rough, with
obvious grain growth in the fiber interior. Increased porosity is obvious in this
micrograph.
A very interesting series of micrographs taken in this work is shown in Figure
5.12. These specimens were exposed to high levels of magnesium and were processed at
1200°C for 48 hours. Figure 5.12A shows a fiber bundle magnified 1000x. When
magnified 5000x, such as in Figures 5.12B and 5.12C, very large grains are obvious on
both the interior and the exterior of the fiber. Most or all of the boria was lost from this
sJnPle that has formed large mullite and magnesium spinel crystals.
I
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Figure 5.9 - XRD graphs for NEXTELTM 312 Ceramic Oxide Fiber
samples exposed to high levels ofmagnesium
(Sample order top to bottom - 48 hours 1200°C;
48 hours 950°C; 0 hours RT)
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Figure 5.10 - NEXTELTM 312 Ceramic Oxide Fiber
exposed to high levels ofMg at 700°C for 48 hours
A - End of fiber
B - Side view
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Figure 5.10 - NEXTEU'v! 312 Ceramic Oxide Fiber
exposed to high levels of Mg at 700'C for 48 hours
A - End of fiber
B - Side view
III
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Figure 5.11 - NEXTELTM 312 Ceramic Oxide Fiber
exposed to high levels ofMg at 950°C for 48 hours
A - End of fiber
B - Side view, high magnification
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Figure 5.11 - NEXTELTM 312 Ceramic Oxide Fiber
exposed to high levels ofMg at 950°C for 48 hours
A - End of fiber
B - Side view, high magnification
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Figure 5.12 - NEXTELTM 312 Ceramic Oxide Fiber
exposed to high levels ofMg at l200·C for 48 hours
A - Fiber bundle, 1000x
B-End view
C- Side view
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, . - 17 - NEXTEUM 312 Ceramic Oxide Fiber
FlgUle), - , . . fMa t 1200c C for 48 hoursexposed to hlgh lnels 0 , ~ a
A - Fiber bundle, 1000x
B - End vie'v
C - Side view,
113
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NEXTELTM 312 Ceramic Oxide Fiber Interaction with Iron
As with sodium and magnesium, the embrittlement of the fibers is not time-
dependent as indicated in the ANOVA results for NEXTELTM 312 Ceramic Oxide Fiber
interactions with iron. Statistical p-values of 0.884 for low levels of iron and 0.828 for
high levels of iron were generated from this analysis. ANOVA results NEXTELTM 312
Ceramic Oxide Fiber interaction with iron at different temperatures were a p-value of
0.020 for exposure to low levels of iron and a p-value of0.272 for exposure to high levels
of iron. ANOVA results for NEXTELTM 312 Ceramic Oxide Fiber interactions with iron
are shown in Table 5.10.
Iron results for Phase II differed significantly from Phase I results. In Phase I, an
average 77% loss in tensile strength was measured from samples exposed to iron at
700°C. An average of approximately 6% strength loss at this temperature was measured
for Phase II samples, regardless of the iron level. Similar results were observed for
samples processed at 950°C. An average of 81% tensile strength was seen in Phase I
samples. In Phase II, there was an average 12.6% loss in strength for samples exposed to
low levels of iron and a 17.3% loss in tensile strength for samples exposed to high levels
of iron experienced.
A strength loss of 100% was seen)n all samples processed at 1200°. An average
66.3% tensile strength loss for low-level exposed samples and 25.2% loss for high-level
exposed samples was measured in Phase II samples processed at this temperature. There
was a 2.3-pound difference in average sample strength between the two sample sets. The
tensile data are presented graphically in Figures 5.13 and 5.14.
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3221
403
One-way ANOVA: FeL versus Temp
Analysis of Variance for FeL
Source DF SS
Temp 2 6443
Error 6 2416
Total 8 8859
F
8.00
P
0.020
o-35-70
Individual 95% CIs For Mean Based on Pooled StDev
StDev --------+---------+---------+--------
12.80 (-------*-------)
9.86 (-------*--------)
30.77 (-------*-------)
--------+---------+---------+--------
Level N Mean
700 3 -6.86
950 3 -12.61
1200 3 -66.27
Pooled StDev = 20.07
P
0.884
F
0.13
MS
178
1417
One-way ANOVA: FeL versus Time
Analysis of Variance for FeL
Source DF SS
Time 2 356
Error 6 8503
Total 8 8859
35o-35-70
Level N Mean
1 3 -32.20
24 3 -19.73
48 3 -33.80
Pooled StDev = 37.65
Individual 95% CIs For Mean Based on Pooled StDev
StDev -----+---------+---------+---------+-
23.46 (--------------*--------------)
20.33 (--------------*---------------)
57.34 (--------------*---------------)
-----+---------+---------+---------+-
One-way ANOVA: FeH versus Temp
Analysis of Variance for FeH
Source DF SS MS
Temp 2 657 328
Error 6 1209 201
Total 8 1865
F
1. 63
P
0.272
20o-20-40
Level N Mean
700 3 -4.49
950 3 :-17.33
1200 3 -25.22
Pooled StDev = 14.19
Individual 95% CIs For Mean Based on Pooled StDev
StDev ---+---------+---------+---------+---
1.54 (---------*---------)
20.98 (---------*---------)
12.72 (---------*---------)
---+---------+---------+---------+---
One-way ANOVA: FeH versus Time
Analysis of Variance for FeH
Source DF SS MS
Time 2 114 57
Error 6 1751 292
Total 8 1865
F
0.20
P
0.828
o-16-32
Level N Mean
1 3 -11. 09
24 3 -16.20
48 3 -19.76
Pooled StDev = 17.09
Individual 95% CIs For Mean Based on Pooled StDev
StDev --------+---------+---------+--------
23.24 (--------------*--------------)
13.33 (--------------*--------------)
12.56 (--------------*--------------)
--------+---------+---------+--------
Table 5.10 - NEXTELTM 312 Ceramic Oxide Fiber
ANOVA results for iron interaction
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Figure 5.13 - Integral plot for NEXTELTM 312 Ceramic Oxide Fiber
tensile loss after exposure to low levels ofFe
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Figure 5.14 - Integral plot for NEXTELTM 312 Ceramic Oxide Fiber
tensile loss after exposure to high levels ofFe '
116
Strength loss was primarily measured in NEXTELTM 312 Ceramic Oxide Fiber
exposed to iron at l200·C. This behavior can be explained by evidence in micrographs
of fiber samples exposed to iron. Evidence of the lack of interaction of high levels of
iron with the alumina-boria-silica fiber at 700·C, even after 24 hours at temperature, can
be seen in Figure 5.15. The surface of the sample is smooth and no enlarged crystals are
evident.
A sample exposed to high levels of iron and processed at 950·C for 48 hours is
shown in Figure 5.16. This specimen has a relatively smooth surface with a minimum of
mottling. The surface changes are due to some external grain growth that began at this
process condition. There is some build-up of loosely bonded iron oxide on the fiber
surface as well. The fiber interior is smooth, showing no internal crystal grain growth.
To compare time at temperature effects, Figure 5.17 shows the progression of
fiber changes at 1, 24 and 48 hours for a sample exposed to low levels of iron and
processed at l200·C. The I-hour sample has a smooth surface and appears to have
changed very little. The 24-hour sample has a rough surface that is likely the result of
iron oxide and iron spinel formation. However, there is no noticeable grain growth in the
fiber interior. The surface of the 48-hour sample shows grain growth on both the surface
and the interior of the fiber. All of these factors affect fiber strength. A micrograph of
the 48-hour sample at 1O,OOOx magnification in Figure 5.17F shows a more detailed
image of this crystal structure.
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Figure 5.15 - NEXTELTM 312 Ceramic Oxide Fiber
exposed to high levels ofFe at 700'C for 24 hours
A - End of fiber
B - Side view
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Figure 5.15 - NEXTEUM 312 Ceramic Oxide Fiber
exposed to high levels of Fe at 700"C for 24 hours
A - End of fiber
B -Side vie\\"
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Figure 5.16 - NEXTELTM 312 Ceramic Oxide Fiber
exposed to high levels ofFe at 950·C for 48 hours
A - End of fiber
B - Side view
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Figure 5.16 - NEXTEUM 312 Ceramic Oxide Fiber
exposed to high levels of Fe at 950'C for 48 hours
A - End of fiber
B - Side view
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Figure 5.17 - NEXTELTM 312 Ceramic Oxide Fiber
exposed to low levels ofFe at 1200°C
A- End of fiber, 1 hour
B - Side view, 1hour
C- End of fiber, 24 hours
D - Side view, 24 hours, 10,OOOx
E - End of fiber, 48 hours
F - Side view, 48 hours, 10,OOOx
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Fi2ure 5.17 - NEXTEU"! 312 (eramic Oxide Fiber
~ exposed to low levels of Fe at 1200'(
A - End of fiber, I hour
B - Side view, 1 hour
( - End of fiber, 24 hours
D - Side view, 24 hours, 10,000x
E - End of fiber, 48 hours
F - Side view, 48 hours, 10,000x
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NEXTELTM 610 Ceramic Oxide Fiber Interaction with Sodium
No significant strength loss at any temperature was measured in NEXTELTM 610
Ceramic Oxide Fiber samples exposed to high or levels of sodium. Phase I results at
700°C are similar. However an average tensile strength loss for NEXTELTM 610
Ceramic Oxide Fiber of approximately 53% at both 950CC and l200°C was seen in Phase
I. Tensile strength data are shown graphically in Figures 5.18 and 5.19.
A p-value of 0.909 for tensile strength was generated from the ANOVA of
NEXTELTM 610 Ceramic Oxide Fiber interactions with low levels of sodium at the
temperatures studied. The corresponding p-value for high levels of sodium is 0.816.
There is no statistically valid difference in these interactions at different temperatures.
ANOVA results for contaminant/time interactions were p-values of 0.780 for low levels
of sodium and 0.867 for high levels of magnesium, indicating no time effect on
embrittlement of the fibers. ANOVA results for NEXTELTM 610 Ceramic Oxide Fiber
interactions with sodium are shown in Table 5.11.
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MS
6.4
65.7
One-way ANOVA: NaL versus Temp
Analysis of Variance for NaL
Source DF SS
Temp 2 12.7
Error 6 394.1
Total 8 406.9
F
0.10
P
0.909
Pooled StDev =
Individual 95% CIs For Mean Based on Pooled StDev
StDev -----+---------+---------+---------+-
11.304 (----------------*---------------)
4.920 (----------------*---------------)
6.715 (---------------*----------------)
-----+---------+---------+---------+-
Level
700
950
1200
N
3
3
3
Mean
-5.917
-3.620
-3.213
8.105 -14.0 -7.0 0.0 7.0
P
0.780
F
0.26
MS
16.2
62.4
One-way ANOVA: NaL versus Time
Analysis of Variance for NaL
Source DF SS
Time 2 32.3
Error 6 374.5
Total 8 406.9
8.00.0-8.0-16.0
Level N Mean
1 3 -2.560
24 3 -6.897
48 3 -3.293
Pooled StDev = 7.901
Individual 95% CIs For Mean Based on Pooled StDev
StDev ---+---------+---------+---------+---
7.846 (-------------*-------------)
8.812 (-------------*-------------)
6.933 (-------------*-------------)
---+---------+---------+---------+---
MS
19.2
91. 5
One-way ANOVA: NaH versus Temp
Analysis of Variance for NaH
Source DF SS
Temp 2 38.4
Error 6 549.0
Total 8 587.5
F
0.21
P
0.816
Level N Mean
700 3 -1.867
950 3 -4.923
1200 3 -6.890
Pooled StDev = 9.566
Individual 95% CIs For Mean Based on Pooled StDev
StDev -+---------+---------+---------+-----
6.551 (------------*----------~~-)
11.711 (------------*-------------)
9.718 (------------*-------------)
-+---------+---------+---------+-----
-20 -10 0 10
P
0.867
F
0.15
MS
13 .6
93.4
One-way ANOVA: NaH versus Time
Analysis of Variance for NaH
Source DF SS
Time 2 27.3
Error 6 560.2
Total 8 587.5
10o-10-20
Level N Mean
1 3 -5.070
24 3 -6.390
48 3 -2.220
Pooled StDev = 9.663
Individual 95% CIs For Mean Based on Pooled StDev
StDev -+---------+---------+---------+-----
10.462 (-------------*-------------)
11.778 (-------------*------------)
5.652 (-------------*------------)
-+-:-------+---------+---------+-----
5.11- NEXTELTM 610 Ceramic Oxide Fiber
ANaVA results for sodium interaction
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Figure 5.18 - Integral plot for NEXTELTM 610 Ceramic Oxide Fiber
tensile loss after exposure to low Na
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Figure 5.19 - Integral plot for NEXTELTM 610 Ceramic Oxide Fiber
tensile loss after exposure to high Na
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Micrographs of a sample exposed to high levels of sodium and processed for 48
hours at 700·C are shown in Figure 5.20. The surface density that is expected in
NEXTELTM 610 Ceramic Oxide Fibers can be seen in this images[28]. No surface
transformations due to sodium interaction are evident. Another sample, exposed to high
levels of sodium and processed at 950·C for 48 hours, is shown in Figure 5.21. As with
the 700·C sample, there is little evidence of fiber changes due to the metal. Some sodium
oxide is present and is weakly bonded to the fiber surface. However, noth.ing affecting
strength is obvious. A third sample ofNEXTELTM 610 Ceramic Oxide Fiber exposed to
high levels of sodium and processed at 1200·C for 48 hours is shown in Figure 5.22.
There is no noticeable grain growth in this sample, but more extensive densification of
the fiber surface is evident. Many sodium oxide particles are loosely bonded to, but have
not penetrated, the fiber surface.
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Figure 5.20 - NEXTELTM 610 Ceramic Oxide Fiber
exposed to high levels ofNa at 700°C for 48 hours
A- End of fiber
B - Side view
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Figure 5.20 - NEXTELTM 610 Ceramic Oxide Fiber
exposed to high levels ofNa at 700°C for 48 hours
A - End of fiber
B - Side view
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Figure 5.21 - NEXTELTM 610 Ceramic Oxide Fiber
exposed to high levels ofNa at 950·C for 48 hours
A- End of fiber
B - Side view
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Figure 5.21 - NEXTEUM 610 Ceramic Oxide Fiber
exposed to high levels ofNa at 950°C for 48 hours
A - End of fiber
B - Side vie\v
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Figure 5.22 - NEXTELTM 610 Ceramic Oxide Fiber
exposed to high levels ofNa at 1200·C for 48 hours
A - End of fiber
B - Side view
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Figure 5.22 - NEXTEUM 610 Ceramic Oxide Fiber
exposed to high levels ofNa at 1200'C for 48 hours
A - End of fiber
B - Side view
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NEXTELTM 610 Ceramic Oxide Fiber Interaction with Magnesium
Results of the NEXTELTM 610 Ceramic Oxide Fiber interactions with magnesium
in Phase II are similar to the results for sodium. In Phase II, there was no significant
strength loss of the NEXTELTM 610 Ceramic Oxide Fibers after exposure to either high
or low levels of this metal. In Phase I, this fiber exhibited no strength loss at.700°C, a
negligible average 9% loss at 950°C and an average loss of 41% at 1200°C. Tensile
strength loss is shown graphically in Figures 5.23 and 5.24. One could conclude the
magnesium at very high levels had a real effect on the fiber.
A p-value of 0.537 for tensile strength was derived from the ANOVA of
NEXTELTM 610 Ceramic Oxide Fiber interactions with low levels of magnesium at the
studied temperatures. The corresponding p-value for high levels of magnesium is 0.077.
There is not a statistically valid difference in these interactions at different temperatures.
ANOVA results for contaminant/time interactions were p-values of 0.842 for low
levels of magnesium and 0.475 for high levels of magnesium. There is no time effect on
embrittlement of the fibers at these conditions. ANOVA results for NEXTELTM 610
Ceramic Oxide Fiber interactions with magnesium are shown in Table 5.12.
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MS
54.3
78.7
One-way ANOVA: MgL versus Temp
Analysis of Variance for MgL
Source DF SS
Temp 2 108.6
Error 6 472.3
Total 8 580.9
F
0.69
P
0.537
10o-10
Individual 95% CIs For Mean Based on Pooled StDev
StDev ----------+---------+---------+------
11.298 (-----------*------------)
9.022 (------------*-----------)
5.205 (-----------*------------)
----------+---------+---------+------
Level N Mean
700 3 0.323
950 3 -7.247
1200 3 -6.827
Pooled StDev = 8.872
MS
16.2
91.4
One-way ANOVA: MgL versus Time
Analysis of Variance for MgL
Source DF SS
Time 2 32.4
Error 6 548.5
Total 8 580.9
F
0.18
P
0.842
10o-10-20
Level N Mean
1 3 -3.600
24 3 -7.237
48 3 -2.913
Pooled StDev = 9.561
Individual 95%. CIs For Mean Based on Pooled StDev
StDev -+---------+---------+---------+-----
7.401 (------------*-------------)
7.680 (-------------*------------)
12.668 (------------*-------------)
-+---------+---------+---------+-----
MS
80.0
19.7
One-way ANOVA: MgH versus Temp
Analysis of Variance for MgH
Source DF SS
Temp 2 160.1
Error 6 118.3
Total 8 278.3
F
4.06
P
0.077
Level N Mean
700 3 -6.240
950 3 1.973
1200 3 3.293
Pooled StDev = 4.440
Individual 95% CIs For Mean Based on Pooled StDev
StDev -+---------+---------+---------+-----
3.644 (----------*---------)
6.305 (---------*----------)
2.470 (---------*----------)
-+---------+---------+---------+-----
-12.0 -6.0 0.0 6.0
MS
30.6
36.2
One-way ANOVA: MgH versus Time
Analysis of Variance for MgH
Source DF SS
Time 2 61.2
Error 6 217.1
Total 8 278.3
F
0.85
P
0.475
7.00.0-7.0
Level N Mean
1 3 -3.153
24 3 3.140
48 3 -0.960
Pooled StDev = 6.016
Individual 95% CIs For Mean Based on Pooled StDev
StDev -------+---------+---------+---------
5.705 (-----------*------------)
5.817 (-----------*------------)
6.494 (------------*-----------)
-------+---------+---------+---------
Table 5.12 - NEXTELTM 610 Ceramic Oxide Fiber
ANOVA results for magnesium interaction
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Figure 5.23 - Integral plot for NEXTELTM 610 Ceramic Oxide Fiber
tensile loss after exposure to low Mg
610 - Mg High vs. Temperature
-,.--
5 -
I
o -
I
C'l
~
-5 - I
, , I
700 950 1200
Temp
Figure 5.24 - Integral plot for NEXTELTM 610 Ceramic Oxide Fiber
tensile loss after exposure to high magnesium
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A micrograph ofNEXTELTM 610 Ceramic Oxide Fiber exposed to high levels of
magnesium and processed at 700·C for 48 hours is in Figure 5.25. The spots on the fiber
surface can be attributed to magnesium oxide particles [28]. These particles are only
weakly bonded to the fiber and have not affected fiber strength. Another sample,
exposed to high levels of magnesium and processed for 48 hours at 950·C, is shown in
Figure 5.26. Noticeable on this sample is a more dense fiber surface, which can make the
fiber more brittle. The fiber surface is slightly mottled, with noticeable surface grain
growth present.
A final specimen ofNEXTELTM 610 Ceramic Oxide Fiber, exposed to high levels
of magnesium and processed at l200·C for 48 hours, is shown in Figure 5.27. A denser
fiber skin with larger crystals in the fiber interior is evident. Some surface defects and
slight grain growth are also present on the mottled surface.
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Figure 5.25 - NEXTELTM 610 Ceramic Oxide Fiber
exposed to high levels ofMg at 700·C for 48 hours
A - End of fiber
B -Side view
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A
B
Figure 5.25 - NEXTELTM 610 Ceramic Oxide Fiber
exposed to high levels of Mg at 700'C for 48 hours
A - End of fiber
B - Side view.
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Figure 5.26 - NEXTELTM 610 Ceramic Oxide Fiber
exposed to high levels ofMg at 950·C for 48 hours
A - End of fiber
B - Side view
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INTENTIONAL SECOND EXPOSURE
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B
Figure 5.26 - NEXTEUM 610 Ceramic Oxide Fiber
exposed to high levels of Mg at 950°C for 48 hours
A - End of fiber
B - Side view
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Figure 5.27 - NEXTELTM 610 Ceramic Oxide Fiber
exposed to high levels ofMg at 1200·C for 48 hours
A - End of fiber
B - Side view
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INTENTIONAL SECOND EXPOSURE
. 5?7 NEXTEUM 610 Ceramic Oxide Fiber
FIgure .- ~ j fMa t 1;OO'C for 48 hoursexposed to hIgh levels 0 b a -
A - End of fiber
B - Side vie\\"
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NEXTELTM 610 Ceramic Oxide Fiber Interaction with Iron
There was no significantly measurable loss of tensile strength from the interaction
ofNEXTELTM 610 Ceramic Oxide Fiber with either high or low levels of iron at 700°C
or 950°C. The 700°C results are similar to results in Phase I, however the 950°C results
are not. In Phase I, there was an average tensile strength loss of 91% at 950°C for the
NEXTELTM 610 Ceramic Oxide Fiber. It is entirely possible some of this strength loss
resulted from the use of roving instead of yarn, and was not all attributable to iron
embrittlement.
After exposure to low levels of iron, NEXTELTM 610 Ceramic Oxide Fiber had an
average strength loss of 19.6% at 1200°C. Exposure to high levels of iron produced
samples with an average loss of 66% tensile strength. In Phase I the fiber lost an average
of 84% tensile strength at 1200°C. Tensile strength loss for these samples is shown
graphically in Figures 5.28 and 5.29.
A p-value of 0.488 for tensile strength was derived from the ANOVA of
NEXTELTM 610 Ceramic Oxide Fiber interactions with low levels of iron at the studied
temperatures. The corresponding p-value for high levels of iron is 0.073. There is no
statistically valid difference in these interactions at different temperatures.
ANOVA results for contaminant/time interactions were 0.093 for low levels of
iron and 0.561 for high levels of iron. There is no time effect on embrittlement of the
fibers for these samples. ANOVA results for NEXTELTM 610 Ceramic Oxide Fiber
interactions with iron are shown in Table 5.13.
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One-way ANOVA: FeL versus Temp
Analysis
80urce
Temp
Error
Total
of Variance for FeL
DF 88
2 419
6 1549
8 1968
M8
209
258
F
0.81
P
0.488
20o-20-40
Individual 95% CIs For Mean Based on Pooled StDev
8tDev --+---------+---------+---------+----
9.30 (----------*----------)
6.69 (-----------*----------)
25.36 (----------*-----------)
--+---------+---------+---------+----
Level N Mean
700 3 -3.80
950 3 -6.99
1200 3 -19.60
Pooled 8tDev = 16.07
One-way ANOVA: FeL versus Time
Analysis of Variance for FeL
Source DF 88 M8
Time 2 1076 538
Error 6 891 149
Total 8 1968
F
3.62
P
0.093
pooled 8tDev =
Level
1
24
48
N
3
3
3
Mean
0.12
-5.22
-25.29
12.19
Individual 95% CIs For Mean Based on Pooled StDev
8tDev --+---------+---------+---------+----
5.20 (--------*--------)
6.22 (-------*--------)
19.49 (-------*--------)
--+---------+---------+---------+----
-40 -20 0 20
M8
3770
901
One-way ANOVA: FeH versus Temp
Analysis of Variance for FeH
Source DF 88
Temp 2 7540
Error 6 5406
Total 8 12947
F
4.18
P
0.073
o-40-80
--------+---------+---------+--------
Level N Mean
700 3 -3.19
950 3 -6.16
1200 3 -66.02
Pooled 8tDev = 30.02
Individual 95% CIs For Mean Based on Pooled StDev
8tDev --------+---------+---------+--------
6.98 (---------*----------)
4.55 (---------*----------)
51.32 (---------*----------)
P
0.561
F
0.64
M8
1133
1780
One-way ANOVA: FeH versus Time
Analysis of Variance for FeH
Source DF 88
Time 2 2266
Error 6 10681
Total 8 12947
50o-50
Level N Mean
1 3 -2.68
24 3 -36.43
48 3 -36.26
Pooled 8tDev = 42.19
Individual 95% CIs For Mean Based on Pooled StDev
8tDev ----------+---------+---------+------
5.72 (----------*-----------)
52.56 (-----------*-----------)
50.45 (-----------*-----------)
----------+---------+---------+------
Table 5.13 - NEXTELTM 610 Ceramic Oxide Fiber results for iron interaction
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Figure 5.28 - Integral plot for NEXTELTM 610 Ceramic Oxide Fiber
tensile loss after exposure to low Fe
610- Fe High vs. Temperature
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Figure 5.29 - Integral plot for NEXTELTM 610 Ceramic Oxide Fiber
tensile loss after exposure to high Fe
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A micrograph ofNEXTELTM 610 Ceramic Oxide Fiber exposed to high levels of
iron and processed at 700·C for 48 hours is in Figure 5.30. In this image, a minor amount
of iron oxide is weakly bonded to the fiber surface. Some increase in fiber skin density is
also noticeable, but this is probably not extensive enough to affect tensile strength.
Similar to the 700·C sample, a sample exposed to high levels of iron and processed at
950·C for 48 hours is shown in Figure 5.31. There are several iron oxide particles
evident on the fiber surface, but no infiltration of the iron into the fiber surface is evident.
This supports the miJor loss in tensile strength of the fiber under these conditions.
Two samples processed for 24 hours at 1200·C are presented in Figure 5.32. The
first sample was exposed to low levels of iron and has a slightly mottled surface, an
indication of grain growth. Grain growth on the fiber surface was minor. Larger grains
are evident on the internal portions of the fiber. The second sample was exposed to high
levels and had a much rougher surface than the low iron sample. Some elongated grains
are evident in the middle of the fiber. The fiber skin is much more dense and evidence of
iron spinel is present. The significant differences in fiber characteristics help explain the
difference in absolute strength of these fibers (i.e., 12.767 pounds and 0.797 pounds,
respectively).
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Figure 5.30 - NEXTELTM 610 Ceramic Oxide Fiber
exposed to high levels of Fe at 700·C for 48 hours
A - End of fiber
B - Side view
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INTENTIONAL SECOND EXPOSURE
B
Figure 5.30 - NEXTEUM 610 Ceramic Oxide Fiber
exposed to high levels of Fe at 700°C for 48 hours
A - End of fiber
B - Side view
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Figure 5.31 - NEXTELTM 610 Ceramic Oxide Fiber
exposed to high levels ofFe at 950°C for 48 hours
A - End of fiber
B - Side view
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·INTENTIONAL -SECOND EXPOSURE
. ~ -, ,T TELTM 610 Ceramic Oxide Fiber
Flgure )'.J 1 - NEX fF t 950"C for 48 hours
exposed to high levels 0 e a
A - End of fiber
B - Side vie\v
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CFigure 5.32 - NEXTELTM 610 Ceramic Oxide Fiber
exposed to Fe at 1200°C for 48 hours
A - Low iron exposure, end of fiber
B - Low iron exposure, side view
C - High iron exposure, end of fiber
D - High iron exposure, side view
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A
C
Figure 5.32 - NEXTELHI 610 Ceramic Oxide Fiber
exposed to Fe at 1200'C for 48 hours
A - Low iron exposure, end of fiber
B - Low iron exposure, side vie\v
C - High iron exposure, end of fiber
D - High iron exposure, side view
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Phase II Summary
The effects of sodium, magnesium and iron on samples of two different Nextel
yarns were examined in Phase II. The specific yarns studied were NEXTEL™ 312
Ceramic Oxide Fiber, which is alumina-boria-silica, and NEXTELTM 610 Ceramic Oxide
Fiber, which is almost pure a-Ah03. As one would expect, the NEXTELTM 312
Ceramic Oxide Fibers reacted with all three metals under at least one condition and the
interactions increased with increasing temperatures. The crystalline a-Ah03 NEXTELTM
610 Ceramic Oxide Fiber was much less reactive than NEXTELTM 312 Ceramic Oxide
Fiber.
Fiber coating and handling methods used in Phase II significantly reduced the
variability observed in Phase I data. The process of coating the fibers uniformly with the
metal salt solution in Phase II was much more consistent than soaking the fiber in the
corresponding solution. The yarns were mechanically held together and the rovings were
not. This ensured more robust samples were available for tensile testing.
Regardless of the percent metal introduced, NEXTELTM 312 Ceramic Oxide Fiber
was affected by sodium at only the 1200°C condition. At lower temperatures no
measurable strength loss was noted. Comparable results were found for magnesium in
that only a negligible strength loss was measured at 700°C. Samples exposed to high
levels of magnesium experienced an average 94% loss of strength. Samples exposed to
low levels of the metal lost an average 31% loss of strength. It appears the increase in
magnesium exposure resulted in a corresponding increase in reactivity. Samples
processed at 1200°C lost all strength, regardless ofmagnesium exposure.
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There was no measurable effect of iron on NEXTELTM 312 Ceramic Oxide Fiber
at 700°C and only a minimal strength loss at 950°C for either high or low level samples.
At 1200°C, samples exposed to low levels of iron had an average 25% loss of tensile
strength. At the same temperature, samples exposed to high levels of iron experienced an
average 66% strength loss.
NEXTELTM 610 Ceramic Oxide Fiber experienced no measurable strength loss
after exposure to any level of sodium or magnesium at any temperature. This fiber was
also not affected by iron at 700°C. At 950°C, low levels of iron also had no effect, but
high levels of iron induced a 36% loss of tensile strength. Similarly, samples exposed to
low iron levels lost an average 20% of strength at 1200°C. At the same temperature,
"
samples exposed to high levels of iron experienced a 36% strength loss.
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Chapter Six
Summary of Results and Future Work
Summary of Results
The effects of sodium, magnesium, and iron on several NEXTELTM Ceramic
Oxide Fiber chemistries at specified conditions were determined. There are many
applications in different environments for these fibers. Many of these environments
contain a variety of contaminants such as those studied here. Because of the variety of
potential environments, contaminants, and levels of contaminants, it would be almost
impossible to quantify the effect of every combination on these fibers. As such, the
major objective of this work was to quantify the effect of the three metals on selected
fiber chemistries at specified conditions.
In Phase I of this work, the effects of very high levels of the contaminating metals
on fibers in a roving form were evaluated. In Phase II, lower levels of the same metals on
fibers converted into yams were determined. The same times and temperatures were
studied in both phases. Even though other techniques were used, the primary property
evaluated was tensile strength.
The physical location of flaws that lead to failure in ceramic materials can make
tensile testing difficult. Ceramics have both internal and surface flaws. The internal
flaws result from material microstructure or processing defects. Surface flaws generally
result from finishing operations or from exposure to damaging conditions during service
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use, and can easily interact with the environment [29]. The results presented herein are
artifacts of these characteristics.
From the standpoint of technical accuracy, it would have been preferred to
measure the tensile strength of single filaments at elevated temperature and after heat
treatment rather than conducting these tests on yams and rovings. However, time
constraints and sample preparation methods did not allow this option.
The industrial grade fibers evaluated were NEXTELTM 312 Ceramic Oxide Fiber
and NEXTELTM 550 Ceramic Oxide Fiber. These contain transitional alumina and are
more reactive than the composite grade fibers studied. After exposure to iron, there was
very little strength loss for the NEXTELTM 312 Ceramic Oxide Fibers except at
combinations of very high temperature and contaminant level. Samples exposed to
Magnesium at 700·C were not affected, were affected moderately at 950·C, and lost all
measurable strength at 1200·c. Samples exposed to sodium at 700·C and lower levels of
sodium at 950·C were not affected. However, samples exposed very high levels of
sodium at 950·C showed an 88% average strength loss. All NEXTELTM 312 Ceramic
Oxide Fibers exposed to any level of sodium and 1200°C experienced a 100% loss of
tensile strength
NEXTELTM 550 Ceramic Oxide Fiber was only evaluated at very high levels in
Phase 1. Samples of NEXTELTM 550 Ceramic Oxide Fiber exposed to iron showed one
of two iron-related strength reductions at 700·C in this work. Samples exposed to iron at
higher temperatures experienced almost total strength loss. This fiber was not affected by
sodium at the lower temperatures, but experienced a total strength loss at 1200·C.
145
NEXTELTM 550 Ceramic Oxide Fiber was not affected by magnesium at 700°C, was
affected moderately at 950°C, and was attacked severely at 1200°C.
The composite grade fibers studied were NEXTELTM 610 Ceramic Oxide Fiber
and NEXTELTM 720 Ceramic Oxide Fiber. The former was evaluated in both Phase I
and Phase II. This fiber maintained its strength after exposure to a1l1eve1s of all metals at
700°C. There was no measurable strength loss in this fiber after exposure to the levels of
sodium and magnesium used in Phase II at any temperature. In the high Phase I levels,
samples exposed to sodium lost about half their original strength at both 950°C and
1200°C. Samples exposed to magnesium had an average 40% strength loss at 1200°C
after exposure to Phase I levels.
NEXTELTM 610 Ceramic Oxide Fiber experienced consistent strength changes
after exposure to iron. At 700°C there was no effect at any level. The lowest levels
studied had no effect at 950°C and only a minimal effect at 1200°C. Samples exposed to
high levels of iron experienced a 30% strength loss at the two higher temperatures.
Samples exposed to very high levels of iron had almost complete strength loss in this
fiber at both 950°C and 1200°C.
NEXTELTM 720 Ceramic Oxide Fiber was only evaluated in Phase 1. This fiber
was not affected by sodium at the lower temperatures, but had about 75% loss of strength
after exposure to 1200°C. At the lowest temperature, the fiber was not affected by iron
nor magneSIUm, but was affected moderately by both metals at the highest two
temperatures.
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Future Work
Future work should further evaluate the effect of different metals on NEXTELTM
Ceramic Oxide Fiber at various conditions. The metals studied in this work reacted
thermodynamically with the fibers, and time had no measurable effect. Because
composite applications are a large potential use for these ceramic oxide fibers, the metals
studied should be those frequently found in matrix materials. For instance, copper is
often used in aluminum alloys and should be studied under a variety of conditions [30].
In the current work the effects of different processing temperatures in air were
studied. However, many applications take place in reducing atmospheres or in vacuum.
The effect of contaminating metals in a variety of atmospheres should be evaluated in
future work. Studies at different conditions should continue to be performed until a
library of effects can be compiled.
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